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(54) GaN SINGLE CRYSTALLINE SUBSTRATE AND METHOD OF PRODUCING THE SAME 



(57) The method of making a GaN single crystal 
substrate comprises a mask layer forming step of form- 
ing on a GaAs substrate 2 a mask layer 8 having a plu- 
rality of opening windows 10 disposed separate from 
each other; and an epitaxial layer growing step of grow- 
ing on the mask layer 8 an epitaxial layer 12 made of 
GaN. 
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Description 
Technical Field 

[0001] The present invention relates to a substrate, 5 
using a nitride type compound semiconductor such as 
gallium nitride (GaN), for light-emitting devices such as 
light-emitting diodes and semiconductor lasers, and 
electronic devices such as field-effect transistors; and a 
method of making the same. 

Background Art 

[0002] In light-emitting devices using nitride type 
compound semiconductors, and the like, stable sap- 
phire substrates have conventionally been used. 
[0003] Since sapphire has no cleavage surfaces, 
however, it has been problematic in that a reflecting sur- 
face cannot be made by cleavage when a sapphire sub- 
strate is employed for a semiconductor laser. 
[0004] There is also a problem that, when sapphire 
is employed as a substrate material for a light-emitting 
device or the like, there occurs a lattice mismatch or dif- 
ference in coefficient of thermal expansion between the 
sapphire substrate and an epitaxial layer grown ther- 
eon, whereby crystal defects such as dislocation often 
occur in the epitaxial layer. 

[0005] As a technique developed in order to over- 
come such a problem in the case where sapphire is 
employed as a substrate for a light-emitting device or 
the like, there is a method of making a semiconductor 
light-emitting device disclosed in Japanese Patent 
Application Laid-Open No. HEI 8-116090. This method 
of making a semiconductor light-emitting device com- 
prises the steps of growing a gallium nitride type com- 
pound semiconductor layer on a semiconductor single 
crystal substrate such as an gallium arsenide (GaAs) 
substrate; eliminating the semiconductor single crystal 
substrate (GaAs substrate) thereafter; and using the 
remaining gallium nitride compound semiconductor 
layer as a new substrate and epitaxially growing a gal- 
lium nitride type compound semiconductor single crys- 
tal layer as an active layer thereon, thereby making the 
semiconductor light-emitting device. 
[0006] According to the technique of Japanese Pat- 
ent Application Laid-Open No. HEI 8-1 16090, the lattice 
constant and coefficient of thermal expansion of the gal- 
lium nitride compound semiconductor layer are very 
close to those of the gallium nitride compound semicon- 
ductor single crystal layer (epitaxial layer) grown ther- 
eon, so that lattice defects due to dislocation or the like 
are harder to occur in the semiconductor single crystal 
layer (epitaxial layer). Also, since the substrate and the 
active layer grown thereon are made of the same gal- 
lium nitride type compound semiconductor layer, the 
same kind of crystals align with each other, whereby 
they can easily be cleaved. Consequently, reflecting 
mirrors for semiconductor lasers and the like can easily 



be produced. 

Disclosure of the Invention 

[0007] However, the GaN substrate manufactured 
by the method disclosed in the above-mentioned Japa- 
nese Patent Application Laid-Open No. HEI 8-116090 
has a very low crystal quality due to lattice mismatches 
and the like, so that large warpage occurs due to inter- 
nal stress caused by crystal defects, whereby it has not 
been in practical use yet. Along with advances in tech- 
nology, it has been required to further improve charac- 
teristics of semiconductor devices using gallium nitride 
type compound semiconductors, whereby it has 
become necessary for the inventors to produce a GaN 
single crystal substrate having a higher quality. To this 
aim, it is necessary to further reduce crystal defects 
such as dislocation occurring in the epitaxial layer of the 
GaN single crystal substrate. If crystal defects are 
reduced, then a GaN single crystal substrate having a 
high crystal quality, low internal stress, and substantially 
no warpage can be obtained. 

[0008] In view of such circumstances, it is an object 
of the present invention to provide a GaN single crystal 
substrate in which crystal defects such as dislocation 
have been reduced, and a method of making the same. 
[0009] The method of making a GaN single crystal 
substrate in accordance with the present invention com- 
prises a mask layer forming step of forming on a GaAs 
substrate a mask layer having a plurality of opening win- 
dows disposed separate from each other; and an epi- 
taxial layer growing step of growing on the mask layer 
an epitaxial layer made of GaN. 

[0010] In the method of making a GaN single crys- 
tal substrate in accordance with the present invention, a 
GaN nucleus is formed in each opening window of the 
mask layer, and this GaN nucleus gradually laterally 
grows sidewise above the mask layer, i.e., toward the 
upper side of a mask portion not formed with the open- 
ing windows in the mask layer, in a free fashion without 
any obstacles. Since defects in the GaN nucleus do not 
expand when the GaN nucleus laterally grows, a GaN 
single crystal substrate with greatly reduced crystal 
defects can be formed. 

[0011] Preferably, the method of making a GaN sin- 
gle crystal substrate in accordance with the present 
invention further comprises, before the mask layer form- 
ing step, a buffer layer forming step of forming a buffer 
layer on the GaAs substrate, and a lower epitaxial layer 
growing step of growing on the buffer layer a lower epi- 
taxial layer made of GaN. 

[0012] In this case, since the lower epitaxial layer 
made of GaN is positioned below the opening windows 
of the mask layer, whereas the epitaxial layer made of 
GaN is formed on the lower epitaxial layer, crystal 
defects of the epitaxial layer are further reduced. Since 
crystal defects such as dislocation have a higher den- 
sity in a part closer to the buffer layer, they can be 
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reduced in the case where the mask layer is thus 
formed with a distance from the buffer layer after the 
lower epitaxial layer is once formed, as compared with 
the case where the lower epitaxial layer is not grown. 
[0013] Preferably, the method of making a GaN sin- 5 
gle crystal substrate in accordance with the present 
invention further comprises, before the epitaxial layer 
growing step, a buffer layer forming step of forming a 
buffer layer on the GaAs substrate in the opening win- 
dows of the mask layer. 10 
[0014] In this case, a single operation of growing 
the GaN epitaxial layer can form a GaN single crystal 
substrate having greatly reduced crystal defects, 
thereby cutting down the cost. In the case where the 
GaN epitaxial layer is to be grown on the GaAs sub- 15 
strate, epitaxial growth can be attained, even if there are 
large lattice mismatches, when GaN is grown at a high 
temperature after a GaN low-temperature buffer layer or 
AIN buffer layer close to an amorphous layer is grown. 
When the lower-temperature buffer layer is being 20 
formed, it does not grow on the mask portion of the 
mask layer made of Si0 2 or Si 3 N 4 , but is only formed 
within the opening windows thereof. 
[0015] In the method of making a GaN single crys- 
tal substrate in accordance with the present invention, it 25 
is preferable that the epitaxial layer be grown within a 
thickness range of 5 to 300 um, and that the method fur- 
ther comprise, after the epitaxial layer growing step, a 
GaAs substrate eliminating step of eliminating the GaAs 
substrate and a step of growing on the epitaxial layer a 30 
second epitaxial layer made of GaN as a laminate. 
[0016] In this case, since the GaAs substrate is 
eliminated before the second epitaxial layer is grown, 
thermal stress is prevented from occurring due to the 
difference in coefficient of thermal expansion between 35 
the GaAs substrate and the buffer layer / the epitaxial 
layer, so that cracks and internal stress occurring in the 
epitaxial layer can be reduced, whereby a GaN single 
crystal substrate with no cracks and greatly reduced 
crystal defects can be formed. 40 
[0017] In the method of making a GaN single crys- 
tal substrate in accordance with the present invention, it 
is preferred that a plurality of the opening windows of 
the mask layer be arranged with a pitch L in a < 10-10) 
direction of the lower epitaxial layer so as to form a ( 1 0- 45 
10 > window group, a plurality of < 10-10) window 
groups be arranged in parallel with a pitch d (0.75L s d 
s 1.3L) in a (1-210) direction of the lower epitaxial 
layer, and the (10-10) window groups be arranged in 
parallel such that the center position of each opening so 
window in each (10-10) window group shifts by about 
1/2L in the ( 10-10 ) direction from the center position of 
each opening window in the (10-10) window group 
adjacent thereto. 

[001 8] In this case, since the center position of each 55 
opening window of each (10-10) window group shifts 
by about 1/2L in the (10-10) direction from the center 
position of each opening window in the (10-10) window 



group adjacent thereto, a crystal grain of GaN in a reg- 
ular hexagonal pyramid or truncated regular hexagonal 
pyramid growing from each opening window connects 
with those growing from its adjacent opening windows 
without interstices while generating substantially no 
pits, whereby crystal defects and internal stress can be 
reduced in the epitaxial layer. 

[0019] In the method of making a GaN single crys- 
tal substrate in accordance with the present invention, it 
is preferred that a plurality of the opening windows of 
the mask layer be arranged with a pitch L in a (11-2) 
direction on a (111) plane of the GaAs substrate so as 
to form a (11-2) window group, a plurality of (11-2) 
window groups be arranged in parallel with a pitch d 
(0.75L s d s 1.3L) in a (-110) direction of the (111) 
plane of the GaAs substrate, and the (11-2) window 
groups be arranged in parallel such that the center posi- 
tion of each opening window in each (11-2) window 
group shifts by about 1/2L in the (11-2) direction from 
the center position of each opening window in the (11- 
2 ) window group adjacent thereto. 
[0020] In this case, since the center position of each 
opening window of each (11-2) window group shifts by 
about 1/2L in the (11-2) direction from the center posi- 
tion of each opening window in the (11-2) window 
group adjacent thereto, a crystal grain of GaN in a reg- 
ular hexagonal pyramid or truncated regular hexagonal 
pyramid growing from each opening window connects 
with those growing from its adjacent opening windows 
without interstices while generating substantially no 
pits, whereby crystal defects and internal stress can be 
reduced in the epitaxial layer. 

[0021] In the method of making a GaN single crys- 
tal substrate in accordance with the present invention, it 
is preferred that the epitaxial layer be grown thick in the 
epitaxial layer growing step so as to form an ingot of 
GaN single crystal, and that the method further com- 
prise a cutting step of cutting the ingot into a plurality of 
sheets. 

[0022] In this case, since the ingot of GaN single 
crystal is cut into a plurality of sheets, a plurality of GaN 
single crystal substrates with reduced crystal defects 
can be obtained by a single manufacturing process. 
[0023] In the method of making a GaN single crys- 
tal substrate in accordance with the present invention, it 
is preferred that the epitaxial layer be grown thick in the 
epitaxial layer growing step so as to form an ingot of 
GaN single crystal, and that the method further com- 
prise a cleaving step of cleaving the ingot into a plurality 
of sheets. 

[0024] In this case, since the ingot of GaN single 
crystal is cleaved into a plurality of sheets, a plurality of 
GaN single crystal substrates with reduced crystal 
defects can be obtained by a single manufacturing proc- 
ess. Also, since the ingot is cleaved along cleavage sur- 
faces of the GaN crystal, a plurality of GaN single 
crystal substrates can easily be obtained in this case. 
[0025] Preferably, the method of making a GaN sin- 
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gle crystal in accordance with the present invention fur- 
ther comprises an ingot forming step of thickly growing 
on the GalM single crystal substrate obtained by the 
above-mentioned method an epitaxial layer made of 
GaN so as to form an ingot of GaN single crystal, and a 5 
cutting step of cutting the ingot into a plurality of sheets. 
[0026] In this case, a plurality of GaN single crystal 
substrates can be obtained by simply growing a GaN 
epitaxial layer on the GaN single crystal substrate made 
by the above-mentioned method so as to form an ingot 10 
and then cutting the ingot. Namely, a plurality of GaN 
single crystal substrates with reduced crystal defects 
can be made by a simple operation. 

Brief Description of the Drawings 15 
[0027] 

Figs. 1A to 1D are views showing first to fourth 
steps of the method of making a GaN single crystal 20 
substrate in accordance with a first embodiment, 
respectively; 

Fig. 2 is a view showing a vapor phase growth 

apparatus employed in HVPE method; 

Fig. 3 is a view showing a vapor phase growth 25 

apparatus employed in organic metal chloride 

vapor phase growth method; 

Fig. 4 is a plan view of a mask layer in the first 

embodiment; 

Figs. 5A to 5D are views showing first to fourth 30 
steps of epitaxial growth in accordance with the first 
embodiment, respectively; 

Figs. 6A to 6D are views showing first to fourth 
steps of the method of making a GaN single crystal 
substrate in accordance with a second embodi- 35 
ment, respectively; 

Fig. 7 is a plan view of a mask layer in the second 
embodiment; 

Figs. 8A to 8D are views showing first to fourth 
steps of the method of making a GaN single crystal 40 
substrate in accordance with a third embodiment, 
respectively; 

Fig. 9 is a plan view of a mask layer in the third 
embodiment; 

Figs. 10A and 10B are views each showing a proc- 45 
ess of growing a second epitaxial layer in accord- 
ance with the third embodiment, respectively; 
Figs. 11A to 11D are views showing first to fourth 
steps of the method of making a GaN single crystal 
substrate in accordance with a fourth embodiment, so 
respectively; 

Fig. 12 is a plan view of a mask layer in the fourth 
embodiment; 

Figs. 13A to 13E are views showing first to fifth 
steps of the method of making a GaN single crystal 55 
substrate in accordance with a fifth embodiment, 
respectively; 

Fig. 14 is a plan view of a mask layer in a sixth 
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embodiment; 

Fig. 15 is a plan view of a mask layer in a seventh 
embodiment; 

Figs. 16A to 16F are views showing first to sixth 
steps of the method of making a GaN single crystal 
substrate in accordance with an eighth embodi- 
ment, respectively; 

Figs. 17A to 17C are views showing first to third 
steps of the method of making a GaN single crystal 
substrate in accordance with a ninth embodiment, 
respectively; 

Figs. 18A to 18B are views showing first and sec- 
ond steps of the method of making a GaN single 
crystal substrate in accordance with a tenth embod- 
iment, respectively; 

Figs. 19A to 19C are views showing first to third 
steps of the method of making a GaN single crystal 
substrate in accordance with an eleventh embodi- 
ment, respectively; 

Fig. 20 is a view showing a light-emitting diode 
using the GaN single crystal substrate in accord- 
ance with the third embodiment; 
Fig. 21 is a view showing a semiconductor laser 
using the GaN single crystal substrate in accord- 
ance with the third embodiment; and 
Fig. 22 is a view showing a vapor phase growth 
apparatus employed in sublimation method. 

Best Mode for Carrying Out the Invention 

[0028] In the following, preferred embodiments of 
the present invention will be explained in detail with ref- 
erence to the accompanying drawings. While there are 
cases where lattice directions and lattice planes are 
used for the explanation of individual embodiments, 
symbols for lattice directions and lattice planes will be 
explained here. Individual orientations, assembled ori- 
entations, individual planes, and assembled planes will 
be referred to with Q, < >, (), and {}, respectively. Here, 
while negative indices are indicated by "-" (bar) on their 
numerical values in crystallography, a minus symbol will 
be attached in front of the numerical values for the con- 
venience of preparing the specification. 

Fjrst Embodiment 

[0029] The GaN single crystal substrate in accord- 
ance with a first embodiment and a method of making 
the same will be explained with reference to the manu- 
facturing step charts of Figs. 1A to 1D. 
[0030] Initially, in the first step shown in Fig. 1A, a 
GaAs substrate 2 is installed within a reaction vessel of 
a vapor phase growth apparatus. Here, as the GaAs 
substrate 2, a GaAs(111)A substrate in which 
GaAs(1 1 1 ) plane is a Ga surface or a GaAs(1 1 1 )B sub- 
strate in which GaAs(1 1 1 ) plane is an As surface can be 
employed. 

[0031] After the GaAs substrate 2 is installed in the 
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reaction vessel of the vapor phase growth apparatus, a 
buffer layer 4 made of GaN is formed on the GaAs sub- 
strate 2. The method of forming the buffer layer 4 
includes vapor phase growth methods such as HVPE 
(Hydride Vapor Phase Epitaxy) method, organic metal 
chloride vapor phase growth method, and MOCVD 
method. Each of these vapor phase growth methods will 
now be explained in detail. 

[0032] First, the HVPE method will be explained. 
Fig. 2 is a view showing a normal-pressure vapor phase 
growth apparatus used for the HVPE method. This 
apparatus is constituted by a reaction chamber 59 hav- 
ing a first gas introducing port 51 , a second gas intro- 
ducing port 53, a third gas introducing port 55, and an 
exhaust port 57; and a resistance heater 61 for heating 
the reaction chamber 59. Also, a Ga metal source boat 
63 and a rotary support member 65 for supporting the 
GaAs substrate 2 are disposed within the reaction 
chamber 59. 

[0033] A preferred method of forming the buffer 
layer 4 by use of such a vapor phase growth apparatus 
will now be explained. In the case where the 
GaAs{111)A substrate is employed as the GaAs sub- 
strate 2, hydrogen chloride (HCI) is introduced from the 
second gas introducing port 53 into the Ga metal source 
boat 63 at a partial pressure of 4 x 1CT 4 atm to 4 x 10' 3 
atm in a state where the GaAs substrate 2 is heated and 
held at a temperature of about 450°C to 530°C by the 
resistance heater 61. Upon this process, Ga metal and 
hydrogen chloride (HCI) react with each other, thereby 
yielding gallium chloride (GaCI). Subsequently, ammo- 
nia (NH 3 ) is introduced from the first gas introducing 
port 51 at a partial pressure of 0.1 atm to 0.3 atm, so 
that this NH 3 and GaCI react with each other near the 
GaAs substrate 2, thereby generating gallium nitride 
(GaN). Here, in the first gas introducing port 51 and the 
second gas introducing port 53, hydrogen (H 2 ) is intro- 
duced as a carrier gas. On the other hand, only hydro- 
gen (H 2 ) is introduced in the third gas introducing port 
55. As GaN is grown for about 20 minutes to about 40 
minutes under such a condition, a buffer layer 4 made of 
GaN having a thickness of about 500 angstroms to 
about 1200 angstroms is formed on the GaAs substrate 
2. In the case using the HVPE method, the growth rate 
of the buffer layer does not change much even when the 
amount of synthesis of gallium chloride (GaCI) is 
increased, whereby the reaction is assumed to deter- 
mine the rate. 

[0034] In the case where the GaAs (111)B sub- 
strate is employed as the GaAs substrate 2, a buffer 
layer can be formed under a condition substantially sim- 
ilar to that in the case where the GaAs(1 1 1 )A substrate 
is used. 

[0035] The organic metal chloride vapor phase 
growth method will now be explained. Fig. 3 is a view 
showing a growth apparatus used for the organic metal 
chloride vapor phase growth method. This apparatus is 
constituted by a reaction chamber 79 having a first gas 



introducing part 71, a second gas introducing port 73, a 
third gas introducing port 75, and an exhaust port 77; 
and a resistance heater 81 for heating the reaction 
chamber 79. Also, a rotary support member 83 for sup- 
5 porting the GaAs substrate 2 is disposed within the 
reaction chamber 79. 

[0036] A method of forming the buffer layer 4 by use 
of such a growth apparatus will now be explained. In the 
case where the GaAs(111)A substrate is employed as 

w the GaAs substrate 2, in a state where the GaAs sub- 
strate 2 is heated and held at a temperature of about 
450°C to 530°C by the resistance heater 81 , while tri- 
methyl gallium (TMG) is introduced from the first gas 
introducing port 71 at a partial pressure of 4 x 10" 4 atm 

15 to 2 x 10~ 3 atm, an equivalent amount of hydrogen chlo- 
ride (HCI) is introduced from the second gas introducing 
port 73 at a partial pressure of 4 x 10" 4 atm to 2 x 10' 3 
atm. Upon this process, trimethyl gallium (TMG) and 
hydrogen chloride (HCI) react with each other, thereby 

20 yielding gallium chloride (GaCI). Subsequently, ammo- 
nia (NH 3 ) is introduced from the third gas introducing 
port 75 at a partial pressure of 0.1 atm to 0.3 atm, so 
that this NH 3 and GaCI react with each other near the 
GaAs substrate 2, thereby generating gallium nitride 

25 (GaN). Here, in each of the first gas introducing port 71 , 
the second gas introducing port 73, and the third gas 
introducing port 75, hydrogen (H 2 ) is introduced as a 
carrier gas. As GaN is grown for about 20 minutes to 
about 40 minutes under such a condition, a buffer layer 

30 4 made of GaN having a thickness of about 500 ang- 
stroms to about 1200 angstroms is formed on the GaAs 
substrate 2. Here, the growth rate of the buffer layer 4 
can be set to about 0.08 nm/hr to about 0.18 urn/hr. 
[0037] In the case where the GaAs (1 11 )B sub- 

35 strate is employed as the GaAs substrate 2, a buffer 
layer can be formed under a condition substantially sim- 
ilar to that in the case where the GaAs(1 1 1 )A substrate 
is used. 

[0038] The MOCVD method is a method in which, 
40 in a cold wall type reactor, an organic metal including 
Ga, such as trimethyl gallium (TMG), for example, and 
ammonia (NH 3 ) are sprayed onto a heated GaAs sub- 
strate 2 together with a carrier gas, so as to grow GaN 
on the GaAs substrate 2. Preferably, the temperature of 
45 the GaAs substrate 2 when the organic metal including 
Ga and the like are sprayed thereon is about 450°C to 
about 600°C when the GaAs(111)A substrate is used, 
and about 450°C to about 550°C when the GaAs(1 1 1 )B 
substrate is used. As the organic metal including Ga, 
so not only TMG but also triethyl gallium (TEG) or the like, 
for example, can be used. 

[0039] The above are vapor phase growth methods 
for forming the buffer layer 4. After the buffer layer 4 is 
formed, a first epitaxial layer (lower epitaxial layer) 6 
55 made of GaN is grown on the buffer layer 4. For growing 
the first epitaxial layer 6, vapor phase growth methods 
such as HVPE method, organic metal chloride vapor 
phase growth method, and MOCVD method can be 
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used as in the method of forming the buffer layer 4. Pre- 
ferred conditions in the case where the first epitaxial 
layer 6 is grown by these vapor phase growth methods 
will now be explained. 

[0040] In the case where the first epitaxial layer 6 is 
grown by the HVPE method, the apparatus shown in 
Fig. 2 can be used as in the forming of the buffer layer 4. 
When the GaAs(111)A substrate is employed as the 
GaAs substrate 2, the first epitaxial layer 6 is grown in a 
state where the GaAs substrate 2 is heated and held at 
a temperature of about 920°C to about 1 030°C by the 
resistance heater 61. Here, the growth rate of the first 
epitaxial layer 6 can be set to about 20 um/hr to about 
200 |xm/hr. The growth rate largely depends on the 
GaCI partial pressure, i.e., HCI partial pressure, 
whereas the HCI partial pressure can lie within the 
range of 5 x 10 4 atm to 5 x 10" 2 atm. When the 
GaAs(111)B substrate is employed as the GaAs sub- 
strate 2, on the other hand, the first epitaxial layer 6 is 
grown in a state where the GaAs substrate 2 is heated 
and held at a temperature of about 850°C to about 
950°C by the resistance heater 61. 
[0041] In the case where the first epitaxial layer 6 is 
grown by the organic metal chloride vapor phase growth 
method, the apparatus shown in Fig. 3 can be used as 
in the forming of the buffer layer 4. When the 
GaAs(111)A substrate is employed as the GaAs sub- 
strate 2, the first epitaxial layer 6 is grown in a state 
where the GaAs substrate 2 is heated and held at a 
temperature of about 920°C to about 1030°C by the 
resistance heater 81 . Here, the growth rate of the first 
epitaxial layer 6 can be set to about 1 0 u.m/hr to about 
60 u.m/hr. For Increasing the growth rate, the partial 
pressure of TMG may be enhanced so as to increase 
the partial pressure of GaCI. At a partial pressure not 
lower than the equilibrium vapor pressure of TMG at a 
temperature of its gas pipe, however, TMG liquefies 
upon the inner wall of the gas pipe, thereby contaminat- 
ing or clogging the pipe. Therefore, the partial pressure 
of TMG cannot be raised excessively, and its upper limit 
is considered to be about 5 x 10" 3 atm. Consequently, 
the upper limit of growth rate is considered to be about 
60 um/hr. 

[0042] When the GaAs(111)B substrate is 
employed as the GaAs substrate 2, on the other hand, 
the first epitaxial layer 6 is grown in a state where the 
GaAs substrate 2 is heated and held at a temperature of 
about 850°C to about 950°C by the resistance heater 
81 . Here, the growth rate of the first epitaxial layer 6 can 
be set to about 10 um/hr to about 50 um/hr. The upper 
limit of partial pressure of trimethyl gallium or the like 
introduced in the reaction chamber 79 is 5 x 1 0" 3 atm 
due to the reason mentioned above. 
[0043] In the case where the first epitaxial layer 6 is 
grown by the MOCVD method, the temperature of the 
GaAs substrate 2 when an organic metal including Ga 
and the like are sprayed thereon is preferably about 
750°C to about 900°C when the GaAs(1 1 1 )A substrate 



is employed, and about 730°C to about 820°C when the 
GaAs(111)B substrate is employed. The above are 
growth conditions for the first epitaxial layer 6. 
[0044] The second step shown in Fig. 1B will now 

5 be explained. In the second step shown in Fig. 1B, a 
wafer in the middle of its manufacture is taken out of the 
growth apparatus, and a mask layer 8 made of SiN or 
Si0 2 is formed on the epitaxial layer 6. For forming the 
mask layer 8, an SiN film or Si0 2 film having a thickness 

10 of about 100 nm to about 500 nm is formed by plasma 
CVD or the like, and this SiN film or Si0 2 film is pat- 
terned by photolithography technique. 
[0045] Fig. 4 is a plan view of the wafer in the sec- 
ond step shown in Fig. 1B. As shown in Figs. 1B and 4, 

15 the mask layer 8 in this embodiment is formed with a 
plurality of stripe windows 10 shaped like stripes. The 
stripe windows 10 are formed so as to extend in the 
(10-10) direction of the first epitaxial layer 6 made of 
GaN. Here, the arrows in Fig. 4 indicate the crystal ori- 

20 entations of the first epitaxial layer 6. 

[0046] After the mask layer 8 is formed, the third 
step shown in Fig. 1C is taken. In the third step, the 
wafer formed with the mask layer 8 is installed in the 
reaction vessel of the vapor phase growth apparatus 

25 again. Then, a second epitaxial layer 1 2 is grown on the 
mask layer 8 and on the part of the first epitaxial layer 6 
exposed through the stripe windows 10. As in the 
method of growing the first epitaxial layer 6, the method 
of growing the second epitaxial layer 12 includes the 

30 HVPE method, organic metal chloride vapor growth 
method, MOCVD method, and the like. Preferably, the 
thickness of the second epitaxial layer 12 is about 150 
um to about 1000 um. 

[0047] With reference to Figs. 5A to 5D, the process 
35 of growing the second epitaxial layer 12 will be 
explained in detail. At the initial growing stage of the 
second epitaxial layer 12 made of GaN, as shown in Fig. 
5A, the second epitaxial layer 12 does not grow on the 
mask layer 8, but grows only on the first epitaxial layer 6 
40 within the stripe windows 10 as GaN nuclei. As the 
growth advances, the second epitaxial layer 12 
increases its thickness. Along with this increase in thick- 
ness, lateral growth of the second epitaxial layer 12 
occurs on the mask layer 8. Consequently, as shown in 
45 Fig. 5C, parts of the epitaxial layer 12 grown from both 
sides connect with each other, so as to be integrated 
together. After being integrated upon lateral growth, the 
second epitaxial layer 12 grows upward as shown in Fig. 
5D, thereby enhancing its thickness. As parts of the see- 
so ond epitaxial layer 12 integrate with their adjacent parts 
upon lateral growth, its growth rate in the thickness 
direction becomes faster than that before integration. 
The above is the growing process of the second epitax- 
ial layer 12. 

55 [0048] Here, since the stripe windows 10 are 
formed so as to extend in the (10-10) direction of the 
first epitaxial layer 6 made of GaN as noted in the expla- 
nation of Fig. 4, the widthwise direction of the stripe win- 
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dows 10 and the < 1-210) direction of the first epitaxial 
layer 6 substantially align with each other. Since the 
GaN epitaxial layer grows in the (1-210) direction at a 
higher rate in general, the time required for adjacent 
parts of the second epitaxial layer 12 to integrate with 
each other after starting the lateral growth is shortened. 
As a consequence, the growth rate of the second epi- 
taxial layer 12 increases. 

[0049] It is not always necessary for the stripe win- 
dows 10 to extend in the (10-10) direction of the first 
epitaxial layer 6. For example, they may be formed so as 
to extend in the ( 1-210) direction of the epitaxial layer 
6. 

[0050] The dislocation density of the second epitax- 
ial layer 12 will now be explained. As shown in Fig. 5A, 
a plurality of dislocations 14 exist within the second epi- 
taxial layer 12. However, as shown in Fig. 5D, the dislo- 
cations hardly spread sidewise even when the second 
epitaxial layer 12 grows in lateral directions. Also, even 
if the dislocations 14 spread sidewise, they will extend 
horizontally without becoming through dislocations 
which penetrate through the upper and lower surfaces. 
Hence, a low dislocation density region 16 having a dis- 
location density lower than that in the area above the 
stripe windows 10 is formed above the part of the mask 
layer 8 not formed with the stripe windows 10 (hereinaf- 
ter referred to as "mask portion"). As a consequence, 
the dislocation density of the second epitaxial layer 12 
can be reduced. Also, the dislocations 14 hardly extend 
upward when the epitaxial layer 12 rapidly grows 
upward from the state of Fig. 5C where the adjacent 
parts of the epitaxial layer 12 are integrated with each 
other due to the lateral growth. Therefore, the upper sur- 
face of the second epitaxial layer 1 2 is free from voids 
and through dislocations, thereby being excellent in its 
embedding property and flatness. 
[0051] After the second epitaxial layer 12 is formed 
as mentioned above, the fourth step shown in Fig. 1 D is 
taken. In the fourth step, the wafer is installed in an etch- 
ing apparatus, and the GaAs substrate 2 is completely 
eliminated with an ammonia type etching liquid. Further, 
after the GaAs substrate 2 is eliminated, the surface 
where the GaAs substrate 2 has been eliminated, i.e., 
the lower surface of the buffer layer 4, is subjected to 
grinding, whereby a GaN single crystal substrate 13 in 
accordance with this embodiment is completed. 
[0052] Here, in the case where anomalous grain 
growth is generated in a part of the second epitaxial 
layer 12 or where the layer thickness of the second epi- 
taxial layer 12 has become uneven, the upper surface of 
the second epitaxial layer 12 is subjected to grinding, so 
as to be finished as a mirror surface. Specifically, it is 
preferred that the upper surface of the second epitaxial 
layer 12 be subjected to lapping and then to buffing. 
[0053] The width P of the mask portion shown in 
Figs. 1 B and 4 is preferably within the range of about 2 
urn to about 20 um. If the width P of the mask portion is 
smaller than the lower limit of the above-mentioned 



range, then the effect of lateral growth of the second 
epitaxial layer 12 tends to lower. If the width P is greater 
than the upper limit of the above-mentioned range, then 
the growth time of the second epitaxial layer 12 tends to 

5 increase, thereby lowering the mass productivity 
thereof. The window width Q of the stripe windows 10 is 
preferably within the range of about 0.3 um to about 10 
u.m. If the window width Q of the stripe windows 10 lies 
within this range, then the effect of the mask can be ful- 

70 filled. 

[0054] Though the case of growing the buffer layer 
4 made of GaN is mentioned in the first step shown in 
Fig. 1 A, the buffer layer 4 made of AIN instead of GaN 
may be grown. In this case, the MOVPE method can be 

15 used. Specifically, after the reaction vessel is sufficiently 
evacuated, hydrogen, as a carrier gas, and trimethyl 
aluminum (TMA) and ammonia (NH 3 ), as material 
gases, are introduced at a normal pressure in a state 
where the GaAs substrate 2 is heated and held at a 

20 temperature of about 550°C to about 700°C when the 
GaAs(111)A substrate is employed, and also at a tem- 
perature of about 550°C to about 700°C when the 
GaAs(111)B substrate is employed. Upon such a treat- 
ment, a buffer layer made of AIN having a thickness of 

25 about 100 angstroms to about 1000 angstroms is 
formed on the GaAs substrate 2. 

Second Embodiment 

30 [0055] The GaN single crystal substrate in accord- 
ance with a second embodiment and a method of mak- 
ing the same will be explained with reference to the 
manufacturing step charts of Figs. 6A to 6D. 
[0056] Initially, in the first step shown in Fig. 6A, a 

35 mask layer 8 made of SiN or Si0 2 is directly formed on 
a GaAs substrate 2. For forming the mask layer 8, an 
SiN film or Si0 2 film having a thickness of about 100 nm 
to about 500 nm is formed by plasma CVD or the like, 
and this SiN film or Si0 2 film is patterned by photolithog- 

40 raphy technique. 

[0057] Fig. 7 is a plan view of the wafer in the first 
step shown in Fig. 6A. As shown in Figs. 6A and 7, the 
mask layer 8 of this embodiment is also formed with a 
plurality of stripe windows 10 shaped like stripes as in 

45 the first embodiment. The stripe windows 10 are formed 
so as to extend in the (11-2) direction of the GaAs sub- 
strate 2. The arrows in Fig. 7 indicate the crystal orien- 
tations of the GaAs substrate 2. 

[0058] After the mask layer 8 is formed, the second 
so step shown in Fig. 6B is taken, so as to form a buffer 
layer 24 on the GaAs substrate 2 within the stripe win- 
dows 10. As in the first embodiment, the buffer layer 24 
can be formed by the HVPE method, organic metal 
chloride vapor phase growth method, MOCVD method, 
55 and the like. The thickness of the buffer layer 24 is pref- 
erably about 50 nm to about 120 nm. 
[0059] Subsequently, in the third step shown in Fig. 
6C, an epitaxial layer 26 made of GaN is grown on the 
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buffer layer 24. Preferably, the epitaxial layer 26 is grown 
to a thickness of about 150 |im to about 1000 p.m by the 
HVPE method, organic metal chloride vapor phase 
growth method, MOCVD method, and the like as in the 
first embodiment. Also, in this case, the lateral growth of 5 
the epitaxial layer can reduce crystal defects of the epi- 
taxial layer 26, such as those above the mask portion of 
the mask layer 8 and on the upper surface of the epitax- 
ial layer 26 in particular. 

[0060] Here, since the stripe windows 10 are 10 
formed so as to extend in the (11-2) direction of the 
GaAs substrate 2 as mentioned above, the widthwise 
direction of the stripe windows 10 and the < 1-10) direc- 
tion of the GaAs substrate 2 substantially align with 
each other. Since the GaN epitaxial layer grows in the 15 
< 1-10) direction at a higher rate in general, the time 
required for adjacent parts of the epitaxial layer 26 to 
integrate with each other after starting the lateral growth 
is shortened. As a consequence, the growth rate of the 
epitaxial layer 26 increases. 20 
[0061] It is not always necessary for the stripe win- 
dows 10 to extend in the < 11 -2 > direction of the GaAs 
substrate 2. For example, they may be formed so as to 
extend in the (1-10) direction of the GaAs substrate 2. 
[0062] After the epitaxial layer 26 is grown, the 25 
fourth step shown in Fig. 6D is taken, so as to eliminate 
the GaAs substrate 2, whereby a GaN single crystal 
substrate 27 of this embodiment is accomplished. An 
example of the method of eliminating the GaAs sub- 
strate 2 is etching. When subjected to wet etching with 30 
an ammonia type etching for about an hour, the GaAs 
substrate 2 can be eliminated. Also, the GaAs substrate 
may be subjected to wet etching with aqua regia. After 
the GaAs substrate 2 is eliminated, the surface where 
the GaAs substrate 2 has been eliminated, i.e., the 35 
lower surface of the mask layer 8 and buffer layer 24, 
may be subjected to grinding. Further, as in the first 
embodiment, the upper surface of the epitaxial layer 26 
may be subjected to grinding. 

[0063] As explained in the foregoing, the method of 40 
making a GaN single crystal substrate in accordance 
with this embodiment can make a GaN substrate with 
less crystal defects and less internal stress by growing 
an epitaxial layer only once, thereby reducing the 
number of manufacturing steps and cutting down the 45 
cost as compared with the first embodiment. 

Third Embodiment 

[0064] Before explaining a third embodiment, how so 
the GaN single crystal substrate and method of making 
the same in accordance with this embodiment have 
been accomplished will be explained. 
[0065] For satisfying the demand for improving 
characteristics of optical semiconductor devices, the 55 
inventors have repeated trial and error in order to man- 
ufacture a GaN substrate having a higher quality. As a 
result, the inventors have found it important to reduce 



the internal stress of the grown GaN epitaxial layer for 
making a high-quality GaN substrate. 
[0066] In general, the internal stress of the GaN 
epitaxial layer can be studied as being divided into ther- 
mal stress and true internal stress. This thermal stress 
occurs due to the difference in coefficient of thermal 
stress between the GaAs substrate and the epitaxial 
layer. Though the warping direction of the GaN sub- 
strate can be expected from the thermal stress, it has 
become clear that the true internal stress exists in the 
GaN epitaxial layer due to the fact that the actual warp- 
age of the whole GaN substrate is directed opposite to 
the expected direction and due to the fact that large 
warpage also occurs after the GaAs substrate is elimi- 
nated. 

[0067] The true internal stress exists from the initial 
stage of growth, and the true internal stress in the grown 
GaN epitaxial layer has been found to be on the order of 
0.2 x 10 9 to 2.0 x 10 9 dyn/cm 2 as a result of measure- 
ment. Here, Stoney's expression used for calculating 
the true internal stress will be explained. In a wafer hav- 
ing a thin film formed on a substrate, the internal stress 
a is given by the following expression (1 ): 

c _ Eb 2 d 
3(1-v)/ 2 d 

where a is the internal stress, E is the modulus of rigid- 
ity, v is the Poisson ratio, b is the thickness of the sub- 
strate, d is the thickness of the thin film, I is the diameter 
of the substrate, and 8 is the flexure of the wafer. In the 
case of GaN single crystal, d = b , thereby yielding the 
following expression (2): 

EdS 
° 3(1-v)/ 2 

where the symbols indicate the same items as those in 
expression (1). According to this expression (2), the 
inventors have calculated values of true internal stress 
in epitaxial layers such as those mentioned above. 
[0068] If internal stress such as true internal stress 
or thermal stress exists, then the substrate may warp or 
generate cracks and the like therein, whereby a wide- 
area, high-quality GaN single crystal substrate cannot 
be obtained. Therefore, the inventors have studied 
causes of true internal stress. The following are thus 
attained causes of true internal stress. In general, crys- 
tals have a hexagonal pillar form, while grain bounda- 
ries with a slight inclination exist in interfaces of these 
pillar grains, whereby mismatches in atomic sequences 
are observed. Further, many dislocations exist in the 
GaN epitaxial layer. These grain boundaries and dislo- 
cations cause the GaN epitaxial layer to shrink its vol- 
ume through proliferation or extinction of defects, 
thereby generating the true internal stress. 
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[0069] The GaN single crystal substrates in accord- 
ance with third to seventh embodiments and methods of 
making the same are embodiments of the present 
invention accomplished in view of the above-mentioned 
causes for the true internal stress. 
[0070] The GaN single crystal substrate in accord- 
ance with the third embodiment and a method of making 
the same will now be explained with reference to the 
manufacturing step charts of Figs. 8A to 8D. 
[0071] In the first step shown in Fig. 8A, according 
to a method similar to that in the first embodiment, a 
buffer layer 4 made of GaN and a first epitaxial layer 
(lower epitaxial layer) 6 made of GaN are grown on a 
GaAs substrate 2. Subsequently, in the second step 
shown in Fig. 8B, a mask layer 28 made of SiN or Si0 2 
is formed on the first epitaxial layer 6. This embodiment 
differs from the first embodiment in the form of the mask 
layer 28. 

[0072] Here, referring to Fig. 9, the form of the mask 
layer 28 will be explained. In this embodiment, as shown 
in Fig. 9, the mask layer 28 is formed with a plurality of 
square opening windows 30. The opening windows 30 
are arranged with a pitch L in the (10-10) direction of 
the first epitaxial layer 6, so as to form a < 10-10) win- 
dow group 32. A plurality of (10-10) window groups 32 
are arranged in parallel with a pitch d in the (1-210) 
direction of the first epitaxial layer 6, while the center 
position of each opening window 30 in each (10-10) 
window group 32 shifts by 1/2L in the (10-10) direction 
from the center position of each opening window 30 in 
the (10-10) window group 32 adjacent thereto. Here, 
the center position of each opening window 30 refers to 
the position of center of gravity of each opening window 
30. Each opening window 30 is a square having a side 
length of 2 |xm, the pitch L is 6 u.m, and the pitch d is 5 
jim. 

[0073] Subsequently, in the third step shown in Fig. 
8C, a second epitaxial layer 34 is grown on the mask 
layer 28 by a method similar to that in the first embodi- 
ment. 

[0074] Here, referring to Figs. 10A and 10B, the 
process of growing the second epitaxial layer 34 will be 
explained. Fig. 10A shows an initial growing stage of the 
second epitaxial layer 34. As shown in this drawing, a 
GaN crystal grain 36 in a regular hexagonal pyramid or 
truncated regular hexagonal pyramid grows from each 
opening window 30 at the initial growing stage. Subse- 
quently, as shown in Fig. 10B, upon lateral growth of 
GaN crystal grains 36 onto the mask layer 28, each 
GaN crystal grain 36 connects with other GaN crystal 
grains 36 without forming any interstices (pits) therebe- 
tween. Then, the individual GaN crystal grains 36 cover 
the mask layer 28, whereby a second epitaxial layer 34 
having a mirror surface is formed. 
[0075] Namely, since a plurality of (10-10) window 
groups 32 are arranged in parallel in the (1-210) direc- 
tion, while the center position of each opening window 
30 shifts by 1/2L in the (10-10) direction, the GaN crys- 



tal grains 36 in truncated regular hexagonal pyramids 
grow without substantially generating interstices, 
whereby the true internal stress is greatly lowered. 
[0076] Also, as in the first embodiment, dislocations 

5 hardly occur in the region of the second epitaxial layer 
34 above the mask portion of the mask layer 28 due to 
the effect of lateral growth of the GaN crystal grains 36. 
[0077] After the second epitaxial layer 34 is grown, 
the fourth step shown in Fig. 8D is taken, so as to elim- 

10 inate the GaAs substrate 2 by an etching treatment or 
the like, whereby a GaN single crystal substrate 35 of 
this embodiment is accomplished. 
[0078] In this embodiment, as mentioned above, 
each opening window 30 of the mask layer 28 is formed 

15 as a square having a side of 2 u.m. Without being 
restricted thereto, it is desirable that the form and size of 
the opening window 30 in the mask layer 28 be adjusted 
according to growth conditions and the like as appropri- 
ate. For example, it can be formed as a square having a 

20 side of 1 to 5 |i.m, or a circle having a diameter of 1 to 5 
\irc\. Further, without being restricted to the square and 
circle, each window 30 may be shaped like an ellipse or 
a polygon. In this case, it is desirable that each opening 
window 30 have an area of 0.7 u.m 2 to 50 jim 2 . If the 

25 area of each opening window 30 exceeds the upper 
limit of this range, then defects tend to occur more often 
in the epitaxial layer 34 within each opening window 30, 
thereby increasing internal stress. If the area of each 
opening window 30 is less than the lower limit of the 

30 range, by contrast, then it becomes harder to form each 
opening window 30, and the growth rate of the epitaxial 
layer 34 tends to decrease. It is also desirable that the 
total area of individual opening windows 30 be 10% to 
50% of the whole area of the mask layer 28 including all 

35 the opening windows 30 and the mask portion. If the 
total area of the individual opening windows 30 lies 
within this range, then the defect density and internal 
stress of the GaN single crystal substrate can be 
reduced remarkably. 

40 [0079] While the pitches L and d are set to 6 \in\ 
and 5 \im in this embodiment, respectively, they are not 
deemed to be restrictive. It is desirable that the pitch L 
be within the range of 3 to 10 urn. If the pitch L is longer 
than 10 jim, then the time required for the GaN crystal 

45 grains 36 to connect with each other increases, thereby 
consuming much time for growing the second epitaxial 
layer 34. If the pitch L is shorter than 3 u.m, by contrast, 
the distance by which the crystal grains 36 laterally grow 
becomes shorter, thereby lowering the effect of lateral 

so growth. Due to a similar reason, the pitch d is desirably 
set within the range of 0.75L sdsi .3L. In particular, 
when d=0.87L, i.e., when an equilateral triangle can be 
formed by connecting two opening windows 30 adjacent 
to each other in the (10-10) direction and one opening 

55 window 30 located in the (1-210) direction from these 
two opening windows 30 and closest to the two opening 
windows 30, the crystal grains are arranged over the 
whole surface without interstices, so that the number of 
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pits occurring in the epitaxial layer 34 becomes the 
smallest, whereby the defect density and internal stress 
of the GaN single crystal substrate can be minimized. 
[0080] Also, the distance by which each opening 
window 30 in each < 10-10) window group 32 shifts in 5 
the (10-10) direction from each opening window 30 of 
its adjacent < 10-10) window group 32 is not always 
needed to be exactly 1/2L, and the internal stress can 
be lowered if this distance is on the order of 2/5L to 
3/5L. w 
[0081] It is desirable that the mask layer 28 have a 
thickness within the range of about 0.05 u.m to about 0.5 
urn. It is because of the fact that cracks may occur dur- 
ing the growth of GaN if the mask layer 28 is thicker than 
the upper limit of this range, whereas the GaAs sub- is 
strate is damaged by vapor during the growth of GaN if 
the mask layer 28 is thinner than the lower limit of the 
range. 

Fourth Embodiment 20 

[0082] The GaN single crystal substrate in accord- 
ance with the fourth embodiment and a method of mak- 
ing the same will now be explained with reference to the 
manufacturing step charts of Figs. 11A to 11D. This 25 
embodiment is similar to the second embodiment 
except for the form of the mask layer. 
[0083] Initially, in the first step shown in Fig. 1 1 A, a 
mask layer 38 made of SiN or Si0 2 is directly formed on 
the GaAs substrate 2. For forming the mask layer 38, an 30 
SiN film or Si0 2 film having a thickness of about 100 nm 
to about 500 nm is formed by plasma CVD or the like, 
and this SiN film or Si0 2 film is patterned by photolithog- 
raphy technique. 

[0084] Fig. 12 is a plan view of the wafer in the first 35 
step shown in Fig. 11 A. As shown in Fig. 12, the mask 
layer 38 has a form similar to that of the mask layer 28 
in the third embodiment. The mask layer 38 is formed 
with a plurality of opening windows 40. The opening 
windows 40 are arranged with a pitch L in the (11-2) 40 
direction of the GaAs substrate 2, so as to form a ( 11- 
2) window group 42. A plurality of (11-2) window 
groups 42 are arranged in parallel with a pitch d in the 
(1-10) direction of the GaAs substrate 2, while the 
center position of each opening window 40 in each (11- 45 
2) window group 42 shifts by 1/2L in the (11-2) direc- 
tion from the center position of each opening window 40 
in the (11-2) window group 42 adjacent thereto. The 
mask layer 38 of this embodiment differs from the mask 
layer 28 of the third embodiment only in the arranging so 
direction of each opening window as such. 
[0085] After the mask layer 38 is formed, a buffer 
layer 24 is formed on the GaAs substrate 2 within the 
opening windows 40 in the second step shown in Fig. 
11B. 55 
[0086] Subsequently, an epitaxial layer 26 made of 
GaN is grown on the buffer layer 24 in the third step 
shown in Fig. 11C. 
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[0087] As in the third embodiment, a GaN crystal 
grain in a truncated regular hexagonal pyramid grows 
from each opening window 40 in this embodiment. Sub- 
sequently, upon lateral growth of GaN crystal grains 
onto the mask layer 38, each GaN crystal grain con- 
nects with other GaN crystal grains without forming any 
interstices (pits) therebetween. Then, the individual 
GaN crystal grains cover the mask layer 38, whereby an 
epitaxial layer 26 having a mirror surface is formed. 
[0088] Namely, since a plurality of (11-2) window 
groups 42 are arranged in parallel in the (1-10) direc- 
tion of the GaAs substrate 2, while the center position of 
each opening window 40 shifts by 1/2L in the (11-2) 
direction, the GaN crystal grains in truncated regular 
hexagonal pyramids grow without substantially generat- 
ing interstices, whereby the true internal stress is 
greatly lowered. 

[0089] It is not always necessary for the individual 
opening windows 40 to align with the (11-2) direction 
of the GaAs substrate 2. For example, they may be 
formed so as to align with the (1-10) direction of the 
GaAs substrate 2. 

[0090] After the epitaxial layer 26 is grown, the 
fourth step shown in Fig. 1 1 D is taken, so as to elimi- 
nate the GaAs substrate 2, whereby a GaN single crys- 
tal substrate 39 of this embodiment is accomplished. 
When the front surface or rear surface of the GaN single 
crystal substrate 39 has a high degree of roughness, 
the front surface and rear surface may be ground. 
[0091] As explained above, the method of making a 
GaN single crystal substrate in accordance this embod- 
iment can make a GaN substrate with greatly reduced 
defects by growing an epitaxial layer only once, thereby 
being able to cut down the cost. 

Fifth Embodiment 

[0092] The GaN single crystal substrate in accord- 
ance with the fifth embodiment and a method of making 
the same will now be explained with reference to Figs. 
13Ato13E. 

[0093] Initially, in the first step shown in Fig. 13A, a 
mask layer 38 preferably having a thickness of about 
100 nm to about 500 nm is formed on a GaAs substrate 
2 as in the fourth embodiment. 

[0094] Subsequently, in the second step shown in 
Fig. 13B, a buffer layer 24 preferably having a thickness 
of about 500 nm to about 1200 nm is formed on the 
GaAs substrate 2 within opening windows 40. 
[0095] Then, in the third step shown in Fig. 1 3C, a 
first epitaxial layer 44 made of GaN is grown on the 
buffer layer 24 and the mask layer 38. Preferably, the 
thickness of the first epitaxial layer 44 is set within the 
range of about 50 u.m to about 300 u.m. In this embodi- 
ment, as in the third and fourth embodiments, the GaN 
crystal grain growing from each opening window 40 
connects with other GaN crystal grains without forming 
interstices (pits) therebetween, thereby forming a struc- 
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ture in which the mask layer 38 is embedded. 
[0096] In the fourth step shown in Fig. 13D, the 
wafer formed with the first epitaxial layer 44 is disposed 
within an etching apparatus and is etched with aqua 
regia for about 10 hours, so as to completely eliminate 
the GaAs substrate 2. Thus, a thin GaN single crystal 
substrate having a thickness of about 50 u.m to about 
300 jim is temporarily formed. 

[0097] In the fifth step shown in Fig. 1 3E, a second 
epitaxial layer 46 made of GaN is grown with a thick- 
ness of about 100 u.m to about 700 urn on the first epi- 
taxial layer 44 by the above-mentioned HVPE method, 
organic metal chloride vapor phase growth method, 
MOCVD method, and the like. As a consequence, a 
GaN single crystal substrate 47 having a thickness of 
about 150 u.m to about 1000 u,m is formed. 
[0098] In this embodiment, as mentioned above, 
the GaAs substrate 2 is eliminated before the second 
epitaxial layer 46 is grown, whereby thermal stress can 
be prevented from occurring due to differences in coef- 
ficient of thermal expansion between the GaAs sub- 
strate 2, buffer layer 34, and epitaxial layers 44, 46. 
Therefore, as compared with the case where epitaxial 
layers are completely grown without eliminating the 
GaAs substrate 2 on the way, a GaN single crystal sub- 
strate having a higher quality with less warpage and 
cracks can be produced. 

[0099] The thickness of the epitaxial layer 44 is set 
to about 300 |xm or less as mentioned above since influ- 
ences of thermal stress become greater if the first epi- 
taxial layer 44 is too thick. On the other hand, the 
thickness of the epitaxial layer 44 is set to about 50 urn 
or greater since the mechanical strength is weakened if 
the first epitaxial layer 44 is too thin, whereby handling 
becomes difficult. 

[0100] Though a case employing the mask layer of 
the fourth embodiment as its mask layer is explained 
here, a mask layer having stripe windows such as that 
of the second embodiment may be used as well. If the 
front surface or rear surface of the GaN single crystal 
substrate 47 has a high degree of roughness, then the 
front surface and rear surface may be ground. 

Sixth Embodiment 

[0101] The GaN single crystal substrate in accord- 
ance with the sixth embodiment and a method of mak- 
ing the same will now be explained with reference to 
Fig. 14. The method of forming the buffer layer and epi- 
taxial layer in this embodiment is the same as that in the 
third embodiment. The sixth embodiment differs from 
the third embodiment only in the form of opening win- 
dows in the mask layer. 

[0102] Fig. 14 is a view showing the form and 
arrangement of individual opening windows in a mask 
layer 48 employed in this embodiment. As shown in this 
drawing, each opening window is formed like a rectan- 
gle (oblong form), yielding a rectangular window 50 



whose longitudinal direction aligns with the (10-10) 
direction of a first epitaxial layer 6 which is the layer 
directly under the mask layer 48. Individual rectangular 
windows 50 are arranged with a pitch L in the (10-10) 

5 direction of the first epitaxial layer 6, so as to form a 
(10-10) rectangular window group 52. A plurality of 
( 10-10 ) rectangular window groups 52 are arranged in 
parallel with a pitch d in the (1-210) direction of the first 
epitaxial layer 6, while the center position of each rec- 

jo tangular window 50 in each (10-10) rectangular win- 
dow group 52 shifts by 1/2L in the (10-10) direction 
from the center position of each rectangular window 50 
in the (10-10) rectangular window group 52 adjacent 
thereto. 

15 [0103] It is desirable that the pitch L be within the 
range of about 4 \Lm to about 20 u.m in view of the fact 
that, when the rectangular window 50 is long in the lon- 
gitudinal direction, the area where the second epitaxial 
layer does not grow laterally in the (10-10) direction 

20 becomes wider, whereby internal stress is harder to 
lower. The length of the mask between the rectangular 
windows 50 adjacent to each other in the longitudinal 
direction, i.e., (10-10) direction, is desirably about 1 u.m 
to about 4 urn. It is because of the fact that GaN grows 

25 slowly in the ( 10-10 ) direction, whereby it takes longer 
time to form the second epitaxial layer if the mask length 
is too long. 

[0104] It is desirable that the mask width (d - w) 
between the rectangular window groups 52 adjacent to 

30 each other in the (1-210) direction of the first epitaxial 
layer 6 be about 2 nm to about 10 u.m. It is because of 
the fact that it takes longer time for crystal grains in a 
hexagonal prism form to become continuous with each 
other if the mask width (d - w) is too large, whereas the 

35 lateral growth may not be so effective that crystal 
defects are harder to lower if the mask width (d - w) is 
too small. Further, the width w of each rectangular win- 
dow 50 is about 1 u.m to about 5 um. It is because of the 
fact that defects tend to occur more often in the GaN 

AO layer within each rectangular window 50 if the width w is 
too large, whereas each rectangular window 50 is 
harder to form if the width w is too narrow, whereby the 
growth rate of the second epitaxial layer tends to 
decrease. 

45 [0105] After such a mask layer 48 is formed, a sec- 
ond epitaxial layer 12 made of GaN is grown on the 
mask layer 48 as in the third embodiment. A GaN crys- 
tal grain in a truncated regular hexagonal pyramid 
grows from each rectangular window 50 at the initial 

so growing stage of the second epitaxial layer 12 in this 
embodiment as well. Subsequently, upon lateral growth 
of GaN crystal grains onto the mask layer 48, each GaN 
crystal grain connects with other GaN crystal grains 
without forming any interstices (pits) therebetween, 

55 thereby forming a structure in which the mask layer 48 
is embedded. 

[0106] Namely, since a plurality of (10-10) rectan- 
gular window groups 52 are arranged in parallel in the 
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< 1-210) direction of the first epitaxial layer 6, while the 
center position of each rectangular window 50 shifts by 
1/2L in the < 10-10 > direction of the first epitaxial layer 6, 
the GaN crystal grains in truncated regular hexagonal 
pyramids grow without generating pits, whereby crystal 
defects and true internal stress can be lowered. 
[0107] Also, as in the third embodiment, disloca- 
tions hardly occur in the region of the second epitaxial 
layer above the mask portion of the mask layer 48 due 
to the effect of lateral growth of GaN crystal grains. 
[01 08] Further, since each rectangular window 50 is 
formed such that the longitudinal direction of each rec- 
tangular window 50 aligns with the < 10-10) direction of 
the first epitaxial layer 6, the growth rate of the second 
epitaxial layer grown on the mask layer 48 can be 
enhanced. It is because of the fact that the {1-211} 
plane with a higher growth rate appears at the initial 
growing stage of GaN, so as to enhance the growth rate 
in the < 1-210) direction, thereby shortening the time 
required for island-like GaN crystal grains formed within 
the individual rectangular windows 50 to become a con- 
tinuous film. 

[0109] The growth rate of the second epitaxial layer 
formed on the mask layer 48 can also be improved 
when the mask layer 48 is directly formed on the GaAs 
substrate 2 without the first epitaxial layer 6 interposed 
therebetween. In this case, it is preferred that the longi- 
tudinal direction of the rectangular window 50 be formed 
so as to align with the < 1 1-2 > direction of the GaAs sub- 
strate 2 under the mask layer 48. 

Seventh Embodiment 

[0110] The GaN single crystal substrate in accord- 
ance with the seventh embodiment and a method of 
making the same will now be explained with reference 
to Fig. 15. This embodiment is characterized in the form 
of windows in its mask layer. Its buffer layer and epitaxial 
layer are formed similar to those in each of the embodi- 
ments mentioned above. 

[0111] In this embodiment, as shown in Fig. 15, 
each opening window of the mask layer 58 is a hexago- 
nal window 60 formed like a hexagonal ring. Each of the 
six sides of the hexagonal window 60 is formed so as to 
align with the < 10-10) direction of the epitaxial layer 
under the mask layer 58. If each side of the hexagonal 
window 60 is formed in this direction, then the growth 
rate of the epitaxial layer formed on the mask layer 58 
can be enhanced. It is because of the fact that the {1- 
21 1} surface with a higher growth rate grows in the ( 1- 
210) direction at the initial growing stage of GaN. Here, 
it is desirable that the window width a of the hexagonal 
window 60, the length b of one side of the outer regular 
hexagon, and the mask width w between adjacent hex- 
agonal windows 60 be about 2 ^tm, about 5 urn, and 
about 3 n-m, respectively. However, their values should 
not be restricted to this range. The arrows in Fig. 15 
indicate crystal orientations of the epitaxial layer under 



the mask layer 58. 

[01 1 2] After the epitaxial layer is grown on the mask 
layer 58, the wafer is subjected to etching, so as to com- 
pletely eliminate the GaAs substrate. Further, the sur- 
5 face from which the GaAs substrate has been 
eliminated is subjected to grinding, so as to form a GaN 
single crystal substrate in accordance with the present 
invention. 

[0113] In the GaN single crystal substrate in 
10 accordance with the present invention, as in each of the 
embodiments mentioned above, dislocations hardly 
occur in the region of the epitaxial layer on the mask 
layer above the mask portion due to the effect of lateral 
growth of GaN crystal grains. 
15 [0114] The growth rate of the epitaxial layer formed 
on the mask can also be improved when the mask layer 
58 is directly formed on the GaAs substrate with no epi- 
taxial layer interposed therebetween in a manner differ- 
ent from this embodiment. In this case, each of the six 
20 sides of the hexagonal window 42 is formed so as to 
align with the (11-2) direction of the GaAs substrate. 

Eighth Embodiment 

25 [0115] The GaN single crystal substrate in accord- 
ance with an eighth embodiment and a method of mak- 
ing the same will now be explained with reference to 
Figs. 16Ato 16F. 

[0116] The forming of a mask layer 8 in the first step 

30 shown in Fig. 1 6A, the forming of a buffer layer 24 in the 
second step shown in Fig. 16B, the growth of an epitax- 
ial layer 26 in the third step shown in Fig. 1 6C, and the 
elimination of a GaAs substrate 2 in the fourth step 
shown in Fig. 16D are carried out in a manner similar to 

35 those in the second embodiment, and will not be 
explained here. Here, the thickness of the GaN single 
crystal substrate from which the GaAs substrate 2 has 
been eliminated is desirably about 50 urn to about 300 
ixm as in the second embodiment, or greater. 

40 [0117] In the fifth step shown in Fig. 16E, while the 
GaN single crystal shown in Fig. 1 6D is used as a seed 
crystal, an epitaxial layer 62 made of GaN is grown on 
the epitaxial layer 26, so as to form an ingot 64 of GaN 
single crystal. While the method of growing the epitaxial 

45 layer 62 includes the HVPE method, organic metal chlo- 
ride vapor phase growth method, MOCVD method, and 
the like as in each of the above-mentioned embodi- 
ments, sublimation method may also be employed in 
this embodiment. The sublimation method is a growth 

so method carried by use of a growth apparatus 90 shown 
in Fig. 22. In particular, it is a vapor phase growth 
method in which an NH 3 gas and the like at a high tem- 
perature are caused to flow into a reactor 94 in which 
GaN powder 92, as a material, and a substrate 2 are 

55 installed so as to oppose each other, so that the NH 3 
gas flows in while the GaN powder is diffusing upon 
evaporation, whereby GaN is grown on the substrate 2. 
Though minute control is difficult, the sublimation 
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method is suitable for forming a thick epitaxial layer, i.e., 
for making an ingot. In this embodiment, the reactor is 
set to a temperature of about 1000°C to about 1300°C, 
and ammonia is caused to flow in at about 10 seem to 
about 100 seem with a nitrogen gas acting as a carrier 5 
gas. 

[0118] Subsequently, in the sixth step shown in Fig. 
16F, the ingot 64 of GaN single crystal is divided into a 
plurality of GaN single crystal substrates 66. The 
method of dividing the ingot 64 of GaN single crystal 10 
into a plurality of GaN single crystal substrates 66 
includes a method by which the ingot 64 is cut with a 
slicer having inner peripheral teeth or the like and a 
method by which the ingot 64 is cleaved along a cleav- 
age surface of the GaN single crystal. Here, both of the 15 
cutting and cleaving processes may be employed. 
[0119] In this embodiment, as explained above, the 
ingot of GaN single crystal is cut or cleaved into a plural- 
ity of sheets, whereby a plurality of GaN single crystal 
substrates having reduced crystal defects can be 20 
obtained by a simple operation. Namely, as compared 
with each of the above-mentioned embodiments, mass 
productivity can be improved. 

[01 20] Preferably, the height of the ingot 64 is about 
1 cm or greater. It is because of the fact that no mass 25 
production effect may be attained if the ingot 64 is lower 
than 1 cm. 

[0121] Though the manufacturing method of this 
embodiment forms the ingot 64 based on the GaN sin- 
gle crystal substrate obtained by way of the manufactur- 30 
ing steps of the second embodiment shown in Figs. 6A 
to 6D, this method is not restrictive. The ingot 64 may 
also be formed on the basis of the GaN single crystal 
substrates obtained by way of the manufacturing steps 
of the first to seventh embodiments. 35 
[0122] Experiments elucidated that the GaN single 
crystal substrate 66 of this embodiment was controlla- 
ble, without any intentional doping, to yield an n-type 
carrier concentration within the range of 1 x 10 16 cm" 3 to 
1 x 1 0 20 cm" 3 , an electron mobility within the range of 60 40 
cm 2 to 800 cm 2 , and a resistivity within the range of 1 x 
10* 4 ncm to 1 x 10 Qcm. 

Ninth Embodiment 

45 

[0123] The GaN single crystal substrate in accord- 
ance with a ninth embodiment and a method of making 
the same will now be explained with reference to Figs. 
17A to 17C. 

[0124] In the first step shown in Fig. 17A, a mask so 
layer 8 and a buffer layer 24 are formed on a GaAs sub- 
strate 2. The methods of forming the mask layer 8 and 
buffer layer 24 are similar to those in each of the above- 
mentioned embodiments. 

[0125] Subsequently, in the second step shown in 55 
Fig. 17B, an epitaxial layer 68 made of GaN is grown at 
once, so as to form an ingot 70. The method of growing 
the epitaxial layer 68 is similar to the method of growing 
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the epitaxial layer 62 in the eighth embodiment. Here, 
the ingot 70 preferably has a height of about 1 cm. 
[0126] In the third step shown in Fig. 17C, as in the 
sixth step of the eighth embodiment, the ingot 70 of 
GaN single crystal is divided into a plurality of GaN sin- 
gle crystal substrates 70 by a cutting or cleaving proc- 
ess. 

[0127] As mentioned above, since the ingot of GaN 
single crystal is cut or cleaved into a plurality of sheets, 
a plurality of GaN single crystal substrates having 
reduced crystal defects can be obtained by a simple 
operation in this embodiment. Namely, as compared 
with the first to seventh embodiments, mass productivity 
can be improved. Further, since the GaN epitaxial layer 
is grown only once, the manufacturing process can be 
made simpler and the cost can be cut down, as com- 
pared with the eighth embodiment. 
[0128] Experiments elucidated that, as with the 
GaN single crystal substrate 66 of the eighth embodi- 
ment, the GaN single crystal substrate 72 of this 
embodiment was controllable, without any intentional 
doping, to yield an n-type carrier concentration within 
the range of 1 x 10 16 cm" 3 to 1 x 10 20 cm" 3 , an electron 
mobility within the range of 60 cm 2 to 800 cm 2 , and a 
resistivity within the range of 1 x 10" 4 ftcm to 1 x 10 
ftcm. 

Tenth Embodiment 

[0129] The GaN single crystal substrate in accord- 
ance with a tenth embodiment and a method of making 
the same will now be explained with reference to Figs. 
18A and 18B. 

[01 30] Initially, in the first step shown in Fig. 1 8A, an 
epitaxial layer 74 is grown on the GaN single crystal 
substrate 66 manufactured by the above-mentioned 
eighth embodiment, so as to form an ingot 76 of GaN 
single crystal. As the method of growing the epitaxial 
layer 74, the HVPE method, organic metal chloride 
vapor phase growth method, MOCVD method, sublima- 
tion method, and the like can be employed as in each of 
the above-mentioned embodiments. 
[0131] Subsequently, in the second step shown in 
Fig. 18B, the ingot 76 of GaN single crystal is divided 
into a plurality of GaN single crystal substrates 78 by a 
cutting or cleaving process. As a consequence, the GaN 
single crystal substrate 78 of this embodiment can be 
obtained. 

[0132] As mentioned above, since an ingot is pro- 
duced on the basis of an already made GaN single crys- 
tal substrate, a plurality of GaN single crystal substrates 
having reduced crystal defects can be obtained by a 
simple operation in this embodiment. Though the ingot 
is produced while the GaN single crystal substrate 66 
manufactured in the eighth embodiment is employed as 
a seed crystal in this embodiment, the seed crystal for 
the ingot is not restricted thereto. For example, the GaN 
single crystal substrate 72 of the ninth embodiment can 
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be used as a seed crystal. 
Eleventh Embedment 

[0133] The GaN single crystal substrate In accord- 
ance with an eleventh embodiment and a method of 
making the same will now be explained with reference 
to Figs. 19A to 19C. 

[0134] Initially, in the first step shown in Fig. 19A, a 
buffer layer 79 having a thickness of about 50 nm to 
about 120 nm is formed on a GaAs substrate 2. 
[0135] Subsequently, in the second step shown in 
Fig. 19B, an epitaxial layer 81 made of GaN is grown on 
the buffer layer 79 without forming a mask layer, so as to 
form an ingot 83 of GaN single crystal having a height of 
1 cm or greater. For growing the epitaxial layer 81, the 
HVPE method, organic metal chloride vapor phase 
growth method, MOCVD method, sublimation method, 
and the like can be employed. Since no mask layer is 
formed here, no lateral growth of the epitaxial layer 
occurs in this embodiment, whereby crystal defects are 
not small. However, dislocations can be reduced if the 
epitaxial layer is made thicker. 

[0136] Finally, in the third step shown in Fig. 19C, 
the ingot 83 of GaN single crystal is divided into a plu- 
rality of GaN single crystal substrates 85 by a cutting or 
cleaving process. 

[0137] As mentioned above, since the ingot of GaN 
single crystal substrate is cut or cleaved into a plurality 
of sheets, a plurality of GaN single crystal substrates 
having reduced crystal defects can be obtained by a 
simple operation in this embodiment. Namely, as com- 
pared with the first to seventh embodiments, mass pro- 
ductivity can be improved. 

Light-Emitting Device and Electronic Device 

[0138] Since the GaN single crystal substrate man- 
ufactured by each of the above-mentioned embodi- 
ments has a conductivity of n-type, a light-emitting 
device such as light-emitting diode or an electronic 
device such as field-effect transistor (MESFET) can be 
formed if a GaN type layer including an InGaN active 
layer is epitaxially grown thereon by the MOCVD 
method or the like. Since such a light-emitting device or 
the like is produced by use of a high-quality GaN sub- 
strate having less crystal defects manufactured by each 
of the above-mentioned embodiments, its characteris- 
tics are remarkably improved as compared with those of 
a light-emitting device using a sapphire substrate or the 
like. Also, since the (0001) plane of the epitaxial layer 
grown on the GaN single crystal substrate homo-epitax- 
ially grows parallel to the (0001 ) plane of the GaN single 
crystal substrate, their cleavage surfaces coincide with 
each other, whereby the above-mentioned light-emitting 
device or the like has excellent performances. 
[0139] Fig. 20 is a view showing a light-emitting 
diode 80 using the GaN single crystal substrate 35 



obtained in the third embodiment. This light-emitting 
diode 80 has a quantum well structure in which a GaN 
buffer layer 101, an Si-doped n-type GaN barrier layer 
102, an undoped lno.45Gao.55N well layer 103 having a 

5 thickness of 30 angstroms, an Mg-doped p-type 
A, o.2 Ga o.8 N barrier layer 104, and an Mg-doped p-type 
GaN contact layer 105 are grown on the GaN single 
crystal substrate 35. Depending on the composition 
ratio of the undoped InGaN well layer 103, this light- 

10 emitting diode 80 can change its color of light emission. 
For example, it emits blue light when the composition 
ratio of In is 0.2. 

[0140] Characteristics of the light-emitting diode 80 
were studied and, as a result, it was found that the light- 
15 emitting luminance thereof was 2.5 cd, which was five 
times that of a conventional light-emitting diode using a 
sapphire substrate, 0.5 cd. 

[0141] Without being restricted to the GaN single 
crystal substrate 35 of the third embodiment, the GaN 
20 single crystal substrates of other embodiments can also 
be used as the substrate for such a light-emitting diode 
as a matter of course. 

[0142] Fig. 21 is a view showing a semiconductor 
laser 82 using the GaN single crystal substrate 35 

25 obtained by the third embodiment. The semiconductor 
laser 82 has a structure in which a GaN buffer layer 111, 
an n-GaN contact layer 112, an n-ln 0 .os Ga o.95 N c,ad " 
ding layer 113, an n-AI 0 08 Ga 0 92 N cladding layer 114, 
an n-GaN guide layer 115, an MQW layer 116 made of 

30 multiple layers of Si-doped lno.15Gao.85N (35 ang- 
stroms )/Si-doped ln 0 .o2 Ga o.08N (70 angstroms), a p- 
AI 0 2 Ga 0 8 N inner cladding layer 117, a p-GaN guide 
layer 118, a p-AI 0 08 Ga 0 92 N cladding layer 119, and a 
p-GaN contact layer 120 are grown on the GaN single 

35 crystal substrate 35; whereas electrodes are taken from 
the upper and lower surfaces thereof. 
[0143] This semiconductor laser exhibited an oscil- 
lation life exceeding 100 hours, which had convention- 
ally been on the order of several minutes, thereby being 

40 able to realize a remarkable improvement in character- 
istics. Specifically, the oscillation life, which had conven- 
tionally been about 1 .5 minutes, increased to about 120 
hours. 

[0144] Without being restricted to the GaN single 
45 crystal substrate 35 of the third embodiment, GaN sin- 
gle crystal substrates of other embodiments can also be 
employed in such a semiconductor laser as a matter of 
course. 

[0145] Further, though not depicted, a field-effect 
so transistor (MESFET) was produced on the basis of the 
GaN single crystal substrate in accordance with this 
embodiment. Characteristics of this field-effect transis- 
tor were studied and, as a result, a high mutual conduct- 
ance (gm) of 43 mS/mm was obtained even at a high 
55 temperature of 500°C, whereby the GaN single crystal 
substrate of this embodiment was also found to be 
effective as a substrate for an electronic device. 
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Example 1 

[0146] Example 1 , which is an example of the GaN 
single crystal substrate in accordance with the first 
embodiment and a method of making the same, will be 
explained with reference to Figs. 1A to 1D. 
[0147] As the GaAs substrate 2. a GaAs(111)A 
substrate, in which the GaAs (111) plane formed the Ga 
surface, was employed. Also, all of the buffer layer 4, the 
first epitaxial layer 6, and the second epitaxial layer 12 
were formed according to the organic metal chloride 
vapor phase growth method by use of the vapor phase 
growth apparatus shown in Fig. 3. 
[0148] Initially, in the first step shown in Fig. 1 A, the 
buffer layer 4 was formed by the organic metal chloride 
vapor phase growth method. Here, while the GaAs sub- 
strate 2 was heated and held at a temperature of about 
500°C by the resistance heater 81, trimethyl gallium 
(TMG) at a partial pressure of 6 x 10" 4 atm, hydrogen 
chloride at a partial pressure of 6 x 10" 4 atm, and 
ammonia at a partial pressure of 0.13 atm were intro- 
duced into the reaction chamber 79. Then, the thick- 
ness of the buffer layer 4 was set to about 800 
angstroms. 

[0149] Subsequently, the first epitaxial layer 6 was 
grown on the buffer layer 4 by the organic metal chloride 
vapor phase growth method. Here, while the GaAs sub- 
strate 2 was heated and held at a temperature of about 
970°C by the resistance heater 81, trimethyl gallium 
(TMG) at a partial pressure of 2 x 10" 3 atm, hydrogen 
chloride at a partial pressure of 2 x 10~ 3 atm, and 
ammonia at a partial pressure of 0.2 atm were intro- 
duced into the reaction chamber 79. Then, the thick- 
ness of the first epitaxial layer 6 was set to about 4 um 
at a growth rate of about 1 5 jim/hr. 
[0150] Thereafter, in the second step shown in Fig. 

I B, the mask layer 8 made of Si0 2 was formed on the 
first epitaxial layer 6. Here, with the longitudinal direc- 
tion of the stripe windows 10 being oriented to [10-10] of 
the first epitaxial layer 6, the thickness of the mask layer 
8, the width P of the mask portion, and the window width 
Q were set to about 300 nm, about 5 urn, and about 2 
urn, respectively. 

[0151] Subsequently, in the third step shown in Fig. 

IC, the second epitaxial layer 12 was grown by the 
organic metal chloride vapor phase growth method. 
Here, while the GaAs substrate 2 was heated and held 
at a temperature of about 970°C by the resistance 
heater 81, trimethyl gallium (TMG) at a partial pressure 
of 2 x 10" 3 atm, hydrogen chloride at a partial pressure 
of 2 x 10* 3 atm, and ammonia at a partial pressure of 
0.25 atm were introduced into the reaction chamber 79. 
Then, the thickness of the second epitaxial layer 12 was 
set to about 100 um at a growth rate of about 20 u.m/hr. 
[0152] Thereafter, in the fourth step shown in Fig. 

I D, the wafer was installed in an etching apparatus, and 
the GaAs substrate 2 was subjected to wet etching with 
an ammonia type etching liquid for about an hour, 



whereby the GaAs substrate 2 was completely elimi- 
nated. Then, finally, the surface from which the GaAs 
substrate 2 had been eliminated was subjected to grind- 
ing, whereby the GaN single crystal substrate 13 was 

5 accomplished. 

[0153] Characteristics of the GaN single crystal 
substrate manufactured by this example were as fol- 
lows. Namely, the substrate surface of the GaN single 
crystal substrate was the (0001) plane, its crystallinity 

w was such that the X-ray half width by an X-ray analysis 
was 4.5 minutes, and the dislocation density was about 
10 7 (cm' 2 ) per unit area. As a consequence, it was seen 
that the crystal defects remarkably decreased as com- 
pared with a conventional case, in which a GaN epitax- 

15 ial layer was formed on a sapphire substrate, yielding a 
defect density of 10 9 (cm" 2 ) per unit area. 

Example 2 

20 [0154] Example 2, which is another example of the 
first embodiment, will now be explained with reference 
to Figs. 1A to 1D. 

[0155] AS the GaAs substrate 2, a GaAs(111)A 
substrate was employed. Also, all of the buffer layer 4, 

25 the first epitaxial layer 6, and the second epitaxial layer 
12 were formed according to the HVPE method by use 
of the vapor phase growth apparatus shown in Fig. 2. 
[0156] Initially, in the first step shown in Fig. 1 A, the 
buffer layer 4 was formed by the HVPE method. Here, 

30 while the GaAs substrate 2 was heated and held at a 
temperature of about 500°C by the resistance heater 
61, hydrogen chloride at a partial pressure of 5 x 10" 3 
atm, and ammonia at a partial pressure of 0.1 atm were 
introduced into the reaction chamber 59. Then, the 

35 thickness of the buffer layer 4 was set to about 800 ang- 
stroms. 

[0157] Subsequently, the first epitaxial layer 6 was 
grown on the buffer layer 4 by the HVPE method. Here, 
while the GaAs substrate 2 was heated and held at a 

40 temperature of about 970°C by the resistance heater 
61, hydrogen chloride at a partial pressure of 2 x 10" 2 
atm, and ammonia at a partial pressure of 0.25 atm 
were introduced into the reaction chamber 59. Then, the 
thickness of the first epitaxial layer 6 was set to about 4 

45 u.m at a growth rate of about 80 um/hr. 

[0158] Thereafter, in the second step shown in Fig. 
1B, the mask layer 8 was formed on the first epitaxial 
layer 6. Here, with the longitudinal direction of the stripe 
windows 10 being oriented to [10-10] of the first epitax- 

50 ial layer 6, the thickness of the mask layer 8, the width P 
of the mask portion, and the window width Q were set to 
about 300 nm, about 5 urn, and about 2 urn, respec- 
tively. 

[0159] Subsequently, in the third step shown in Fig. 
55 1C, the second epitaxial layer 12 was grown by the 
HVPE method. Here, while the GaAs substrate 2 was 
heated and held at a temperature of about 970°C by the 
resistance heater 61, hydrogen chloride at a partial 
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pressure of 2.5 x 10" 2 atm, and ammonia at a partial 
pressure of 0.25 atm were introduced into the reaction 
chamber 59. Then, the thickness of the second epitaxial 
layer 12 was set to about 100 nm at a growth rate of 
about 100 nm/hr. Since the HVPE method was thus 
used, it was possible for the growth rate of the epitaxial 
layer to become faster in this embodiment than in 
Example 1 in which the organic metal chloride vapor 
phase growth method was used. 
[0160] Thereafter, in the fourth step shown in Fig. 
1 D, the wafer was installed in an etching apparatus, and 
the GaAs substrate 2 was subjected to wet etching with 
an ammonia type etching liquid for about an hour, 
whereby the GaAs substrate 2 was completely elimi- 
nated. Then, finally, the surface from which the GaAs 
substrate 2 had been eliminated was subjected to grind- 
ing, whereby the GaN single crystal substrate 13 was 
accomplished. 

[0161] Characteristics of the GaN single crystal 
substrate manufactured by this example were as fol- 
lows. Namely, the substrate surface of the GaN single 
crystal substrate was the (0001) plane, its crystallinity 
was such that the X-ray half width by an X-ray analysis 
was 4.5 minutes, and the dislocation density was about 
5 x 10 7 (cm -2 ) per unit area. As a consequence, it was 
seen that the crystal defects remarkably decreased as 
compared with a conventional case, in which a GaN epi- 
taxial layer was formed on a sapphire substrate, yielding 
a defect density of 10 9 (cm" 2 ) per unit area. 

Example 3 

[0162] Example 3, which is an example of the sec- 
ond embodiment, will now be explained with reference 
to Figs. 6A to 6D. 

[0163] As the GaAs substrate 2, a GaAs(111)B 
substrate, in which the GaAs(1 11) plane formed the As 
surface, was employed. Also, both of the buffer layer 24 
and the second epitaxial layer 26 were formed accord- 
ing to the organic metal chloride vapor phase growth 
method by use of the vapor phase growth apparatus 
shown in Fig. 3. 

[0164] Initially, in the first step shown in Fig. 6A, the 
mask layer 8 was formed on the GaAs substrate 2. 
Here, with the longitudinal direction of the stripe win- 
dows 10 being oriented to [11-2] of the GaAs substrate 
2, the thickness of the mask layer 8, the width P of the 
mask portion, and the window width Q were set to about 
350 nm, about 4 p.m, and about 2 u.m, respectively. 
[0165] Subsequently, in the second step shown in 
Fig. 6B, the buffer layer 24 was formed on the GaAs 
substrate 2 within the stripe windows 10 by the organic 
metat chloride vapor phase growth method. Here, while 
the GaAs substrate 2 was heated and held at a temper- 
ature of about 500°C by the resistance heater 81 , trime- 
thyl gallium (TMG) at a partial pressure of 6 x 10" 4 atm, 
hydrogen chloride at a partial pressure of 6 x 10" 4 atm, 
and ammonia at a partial pressure of 0.1 atm were intro- 



duced into the reaction chamber 79. Then, the thick- 
ness of the buffer layer 24 was set to about 700 
angstroms. 

[0166] Subsequently, in the third step shown in Fig. 

5 6C, the epitaxial layer 26 was grown on the buffer layer 
24 by the organic metal chloride vapor phase growth 
method. Here, while the GaAs substrate 2 was heated 
and held at a temperature of about 820°C by the resist- 
ance heater 81, trimethyl gallium (TMG) at a partial 

10 pressure of 3 x 10' 3 atm, hydrogen chloride at a partial 
pressure of 3 x 10" 3 atm, and ammonia at a partial pres- 
sure of 0.2 atm were introduced into the reaction cham- 
ber 79. Then, the thickness of the epitaxial layer 26 was 
set to about 100 um at a growth rate of about 30 nm/hr. 

15 [0167] Thereafter, in the fourth step shown in Fig. 
6D, the wafer was installed in an etching apparatus, and 
the GaAs substrate 2 was subjected to wet etching with 
an ammonia type etching liquid for about an hour, 
whereby the GaAs substrate 2 was completely elimi- 

20 nated. Then, finally, the surface from which the GaAs 
substrate 2 had been eliminated was subjected to grind- 
ing, whereby the GaN single crystal substrate 27 was 
accomplished. 

[0168] The GaN single crystal substrate made by 
25 this example yielded a dislocation density of about 2 x 
10 7 (cm" 2 ) per unit area. Namely, it was seen that, 
though the dislocation density of the GaN single crystal 
substrate made by this example was greater than that in 
the GaN single crystal substrates of Examples 1 and 2, 
30 its crystal defects were greatly reduced as compared 
with a conventional case where a GaN epitaxial layer 
was formed on a sapphire substrate. Also, since the 
number of manufacturing steps was smaller than that in 
Examples 1 and 2, it was possible to cut down the cost 
35 in this example. 

Example 4 

[0169] Example 4, which is an example of the third 
40 embodiment, will now be explained with reference to 
Figs. 8A to 8D. 

[0170] As the GaAs substrate 2, a GaAs(111)A 
substrate was employed. Also, ail of the buffer layer 4, 
the first epitaxial layer 6, and the second epitaxial layer 

45 34 were formed according to the organic metal chloride 
vapor phase growth method by use of the vapor phase 
growth apparatus shown in Fig. 3. 
[0171] Initially, in the first step shown in Fig. 8A, the 
buffer layer 4 was formed by the organic metal chloride 

so vapor phase growth method. Here, while the GaAs sub- 
strate 2 was heated and held at a temperature of about 
500°C by the resistance heater 81, trimethyl gallium 
(TMG) at a partial pressure of 6 x 10" 4 atm, hydrogen 
chloride at a partial pressure of 6 x 10" 4 atm, and 

55 ammonia at a partial pressure of 0.1 atm were intro- 
duced into the reaction chamber 79. Then, the thick- 
ness of the buffer layer 4 was set to about 700 
angstroms. 
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[0172] Subsequently, the first epitaxial layer 6 was 
grown on the buffer layer 4 by the organic metal chloride 
vapor phase growth method. Here, while the GaAs sub- 
strate 2 was heated and held at a temperature of about 
970°C by the resistance heater 81, trimethyl gallium 5 
(TMG) at a partial pressure of 2 x 10" 3 atm, hydrogen 
chloride at a partial pressure of 2 x 10~ 3 atm, and 
ammonia at a partial pressure of 0.2 atm were intro- 
duced into the reaction chamber 79. Then, the thick- 
ness of the first epitaxial layer 6 was set to about 2 um 10 
at a growth rate of about 1 5 um/hr. 
[0173] Thereafter, in the second step shown in Fig. 
8B, the mask layer 28 made of Si0 2 was formed on the 
first epitaxial layer 6. Here, the opening window 30 was 
formed as a square having a side length of 2 um, 15 
whereas the pitches L and d of the (10-10) window 
groups 32 were set to 6 um and 5 ^m, respectively. 
Also, the < 10-10) window groups 32 adjacent to each 
other were shifted from each other by 3 pm in the (10- 
10) direction. 20 
[0174] Subsequently, in the third step shown in Fig. 
8C, the second epitaxial layer 34 was grown by the 
organic metal chloride vapor phase growth method. 
Here, while the GaAs substrate 2 was heated and held 
at a temperature of about 1000°C by the resistance 25 
heater 81, trimethyl gallium (TMG) at a partial pressure 
of 4 x 10' 3 atm, hydrogen chloride at a partial pressure 
of 4 x 10" 3 atm, and ammonia at a partial pressure of 
0.2 atm were introduced into the reaction chamber 79. 
Then, the thickness of the second epitaxial layer 34 was 30 
set to about 100 um at a growth rate of about 25 um/hr. 
[0175] Thereafter, in the fourth step shown in Fig. 
8D, the wafer was installed in an etching apparatus, and 
the GaAs substrate 2 was subjected to wet etching with 
aqua regia for about 10 hours, whereby the GaAs sub- 35 
strate 2 was completely eliminated. Then, finally, the 
surface from which the GaAs substrate 2 had been 
eliminated was subjected to grinding, whereby the GaN 
single crystal substrate 35 was accomplished. 
[0176] Characteristics of the GaN single crystal 40 
substrate made by this example were as follows. 
Namely, its defect density was about 3 x 10 7 (cm" 2 ), 
which was remarkably lower than that conventionally 
yielded. Also, no cracks were seen. While a GaN single 
crystal substrate separately manufactured without the 45 
mask layer forming step yielded a radius of curvature of 
about 65 mm, the GaN single crystal substrate of this 
example exhibited a radius of curvature of about 770 
mm, thus being able to remarkably lower its warpage. 
Also, the internal stress, which had conventionally been so 
0.05 Gpa, was reduced to about 1/10, i.e., about 0.005 
Gpa, in the GaN single crystal substrate of this exam- 
ple. Here, the internal stress of the GaN single crystal 
substrate was calculated by the above-mentioned 
Stoney's expression (expression (2)). Also, its electric 55 
characteristics were calculated upon Hall measurement 
as an n-type carrier density of 2 x 10 18 cm" 3 and a car- 
rier mobility of 180 cm 2 A/ • S. 



Example 5 

[0177] Example 5, which is an example of the fifth 
embodiment, will now be explained with reference to 
Figs. 13A to 13E. 

[0178] As the GaAs substrate 2, a GaAs(111)A 
substrate was employed. Also, all of the buffer layer 24, 
the first epitaxial layer 44, and the second epitaxial layer 
46 were formed according to the HVPE method by use 
of the vapor phase growth apparatus shown in Fig. 2. 
[0179] Initially, in the first step shown in Fig. 13A, 
the mask layer 38 was formed on the GaAs substrate 2. 
Here, the opening window 40 was formed as a circle 
having a diameter of 2 um, whereas the pitches L and d 
of the (11-2) window groups were set to 6 um and 5.5 
um, respectively. Also, the (11-2) window groups adja- 
cent to each other were shifted from each other by 3 um 
in the (11-2) direction. 

[0180] Subsequently, in the second step shown in 
Fig. 13B, the buffer layer 24 was formed on the GaAs 
substrate 2 within the opening windows 40 by the HVPE 
method. Here, while the GaAs substrate 2 was heated 
and held at a temperature of about 500°C by the resist- 
ance heater 61, trimethyl gallium (TMG) at a partial 
pressure of 6 x 10" 4 atm, hydrogen chloride at a partial 
pressure of 6 x 10" 4 atm, and ammonia at a partial pres- 
sure of 0.1 atm were introduced into the reaction cham- 
ber 59. Then, the thickness of the buffer layer 24 was 
set to about 700 angstroms. 

[0181] Thereafter, in the third step shown in Fig. 
13C, the first epitaxial layer 44 was grown on the buffer 
layer 24 by the HVPE method. Here, while the GaAs 
substrate 2 was heated and held at a temperature of 
about 970°C by the resistance heater 61, trimethyl gal- 
lium (TMG) at a partial pressure of 5 x 10~ 3 atm, hydro- 
gen chloride at a partial pressure of 5 x 10" 3 atm, and 
ammonia at a partial pressure of 0.25 atm were intro- 
duced into the reaction chamber 59. Then, the thick- 
ness of the first epitaxial layer 44 was set to about 50 
u.m at a growth rate of about 25 um/hr. 
[0182] Subsequently, in the fourth step shown in 
Fig. 13D, the wafer was installed in an etching appara- 
tus, and the GaAs substrate 2 was subjected to wet 
etching with aqua regia for about 10 hours, whereby the 
GaAs substrate 2 was completely eliminated. Thus, a 
thin GaN single crystal substrate having a thickness of 
about 50 um was temporarily formed. 
[0183] Then, in the fifth step shown in Fig. 13E, the 
second epitaxial layer 46 made of GaN having a thick- 
ness of about 130 um was grown on the first epitaxial 
layer 44 by HVPE at a growth temperature of 1 00°C and 
a growth rate of about 100 um/hr with a hydrogen chlo- 
ride partial pressure of 2 x 10" 2 atm and an ammonia 
partial pressure of 0.2 atm. As a consequence, the GaN 
single crystal substrate 47 having a thickness of about 
180 um was formed. 

[0184] As a result of measurement, thus formed 
GaN single crystal substrate of this example exhibited a 



17 



33 



EP 1 041 610 A1 



34 



remarkably reduced defect density of about 2 x 10 7 /cm 2 
in the substrate surface, and no cracks were seen. Also, 
it was possible for the GaN single crystal substrate to 
reduce its warpage as compared with that convention- 
ally exhibited, and its internal stress was very small, i.e., 5 
0.002 Gpa. 

Example 6 

[0185] Example 6, which is an example of the 
eighth embodiment, will now be explained with refer- 
ence to Figs. 16A to 16F. 

[0186] In this example, a GaAs(111)A substrate 
was employed as the GaAs substrate 2. Also, alt of the 
buffer layer 24, the epitaxial layer 26, and the epitaxial 
layer 62 were formed according to the HVPE method by 
use of the vapor phase growth apparatus shown in Fig. 
2. 

[0187] Initially, in the first step shown in Fig. 16A, 
the mask layer 8 was formed on the GaAs substrate 2. 
Here, with the longitudinal direction of the stripe win- 
dows 10 being oriented to [11-2] of the GaAs substrate 
2, the thickness of the mask layer 8, the width P of the 
mask portion, and the window width Q were set to about 
300 nm, about 5 urn, and about 3 um, respectively. 
[0188] Subsequently, in the second step shown in 
Fig. 16B, the buffer layer 24 was famed on the GaAs 
substrate 2 within the stripe windows 10 by the HVPE 
method in the state where the temperature of the GaAs 
substrate 2 was set to about 500°C. Here, the thickness 
of the buffer layer 24 was set to about 800 angstroms. 
[01 89] Then, in the third step shown in Fig. 1 6C, the 
epitaxial layer 26 was grown by about 200 urn an the 
buffer layer 24 by the HVPE method in the state where 
the temperature of the GaAs substrate 2 was set to 
about 950°C. 

[0190] Subsequently, in the fourth step shown in 
Fig. 16D, the GaAs substrate 2 was eliminated by etch- 
ing with aqua regia. 

[0191] In the fifth step shown in Fig. 16E, the epitax- 
ial layer 62 was further thickly grown an the epitaxial 
layer 26 by the HVPE method in the state where the 
temperature within the reaction chamber 59 was set to 
1020°C, whereby the ingot 64 at GaN single crystal was 
formed. The ingot 64 had a form in which the center part 
of its upper surface was slightly depressed, whereas its 
height from the bottom to the center part of the upper 
surface was about 2 cm, and its outside diameter was 
about 55 mm. 

[0192] Subsequently, in the sixth step shown in Fig. 
16F, the ingot 64 was cut with a slicer having inner 
peripheral teeth, whereby 20 sheets of the GaN single 
crystal substrates 66 each having an outside diameter 
of about 50 mm and a thickness of about 350 um were 
obtained. No remarkable warpage was seen to occur in 
the GaN single crystal substrates 66. After the cutting, 
the GaN single crystal substrates 66 were subjected to 
lapping and finish grinding. 



[0193] Though only one single crystal substrate can 
be obtained by one manufacturing process in the 
above-mentioned Examples 1 to 5, 20 substrates were 
obtained by one manufacturing process in this example. 
Also, the manufacturing cost was cut down to about 
65% in practice. Thus, this example was able to cut 
down the cost greatly and further shorten the manufac- 
turing time per sheet. 

[0194] As a result of measurement of electric char- 
acteristics, the GaN single crystal substrate 66 obtained 
from the uppermost end portion of the ingot 64 exhibited 
an n-type carrier density of 2 x 10 18 cm" 3 , an electron 
mobility of 200 cm 2 A/s, and a resistivity of 0.017 ftcm. 
[0195] As a result of measurement of electric char- 
acteristics, the GaN single crystal substrate 66 obtained 
from the lowermost end portion of the ingot 64 exhibited 
an n-type carrier density of 8 x 10 18 cm" 3 , an electron 
mobility of 150 cm 2 A/s, and a resistivity of 0.006 ftcm. 
[0196] Hence, the intermediate portion of the ingot 
64 can be qualitatively guaranteed to have characteris- 
tics with values between or near those mentioned 
above, whereby the labor of inspecting all the products 
can be saved. 

[0197] When an LED having InGaN as a light-emit- 
ting layer was prepared by use of the GaN single crystal 
substrate 66, its light-emitting luminance was about five 
times as high as that of a conventional one formed on a 
sapphire substrate. The light-emitting luminance was 
assumed to be improved because of the fact that, while 
a large number of through dislocations exist within 
active layers in the conventional LED, no through dislo- 
cations exist within the light-emitting layer in this exam- 
ple. 



[0198] Example 7, which is another example of the 
eighth embodiment, will now be explained with refer- 
ence to Figs. 16A to 16F. 

[0199] In this example, a GaAs(111)A substrate 
was employed as the GaAs substrate 2. Also, all of the 
buffer layer 24, the epitaxial layer 26, and the epitaxial 
layer 62 were formed according to the organic metal 
chloride vapor phase growth method by use of the vapor 
phase growth apparatus shown in Fig. 3. 
[0200] Initially, in the first step shown in Fig. 16A, 
the mask layer 8 was formed on the GaAs substrate 2. 
Here, with the longitudinal direction of the stripe win- 
dows 10 being oriented to [1 1-2] of the GaAs substrate 
2, the thickness of the mask layer 8, the width P of the 
mask portion, and the window width Q were set to about 
500 nm, about 5 um, and about 3 pm, respectively. 
[0201] Subsequently, in the second step shown in 
Fig. 16B, the buffer layer 24 was formed on the GaAs 
substrate 2 within the stripe windows 10 by the organic 
metal chloride vapor phase growth method in the state 
where the temperature of the GaAs substrate 2 was set 
to about 490°C. Here, the thickness of the buffer layer 
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24 was set to about 800 angstroms. 
[0202] Then, in the third step shown in Fig. 16C, the 
epitaxial layer 26 was grown by about 25 p.m on the 
buffer layer 24 by the organic metal chloride vapor 
phase growth method in the state where the tempera- 5 
ture of the GaAs substrate 2 was set to about 970°C. 
[0203] Subsequently, in the fourth step shown in 
Fig. 16D, the GaAs substrate 2 was eliminated by etch- 
ing with aqua regia. 

[0204] In the fifth step shown in Fig. 1 6E, the epitax- w 
ial layer 62 was further thickly grown on the epitaxial 
layer 26 by the organic metal chloride vapor phase 
growth method in the state where the temperature 
within the reaction chamber 79 was set to 1000°C, 
whereby the ingot 64 of GaN single crystal was formed, is 
The ingot 64 had a form in which the center part of its 
upper surface was slightly depressed, whereas its 
height from the bottom to the center part of the upper 
surface was about 3 cm, and its outside diameter was 
about 30 mm. 20 
[0205] Subsequently, in the sixth step shown in Fig. 
16F, the ingot 64 was cut with a sheer having inner 
peripheral teeth, whereby 25 sheets of the GaN single 
crystal substrates 66 each having an outside diameter 
of about 20mm to about 30 mm and a thickness of about 25 
400 ^im were obtained. No remarkable war page was 
seen to occur in the GaN single crystal substrates 66. 
After the cutting, the GaN single crystal substrates 66 
were subjected to lapping and finish grinding. 
[0206] Though only one single crystal substrate can 30 
be obtained by one manufacturing process in the 
above-mentioned Examples 1 to 5, 25 substrates were 
obtained by one manufacturing process in this example. 
Also, the manufacturing cost was cut down to about 
65% in practice. Thus, this example was able to cut 35 
down the cost greatly and further shorten the manufac- 
turing time per sheet. 

[0207] As a result of measurement of electric char- 
acteristics, the GaN single crystal substrate 66 obtained 
from the intermediate portion of the ingot 64 exhibited 40 
an n-type carrier density of 2 x 10 18 cm" 3 , an electron 
mobility of 250 cm 2 A/s, and a resistivity of 0.015 Hem. 

Example 3 

45 

[0208] Example 8, which is an example of the ninth 
embodiment, will now be explained with reference to 
Figs. 17Ato 17C. 

[0209] In this example, a GaAs(111)A substrate 
was employed as the GaAs substrate 2. Also, both of so 
the buffer layer 24 and the epitaxial layer 68 were 
formed according to the HVPE method by use of the 
growth apparatus shown in Fig. 2. 
[0210] Initially, in the first step shown in Fig. 17A, 
the mask layer 8 was formed on the GaAs substrate 2. 55 
Here, with the longitudinal direction of the stripe win- 
dows 10 being oriented to [11-2] of the GaAs substrate 
2, the thickness of the mask layer 8, the width P of the 



mask portion, and the window width Q were set to about 
250 nm, about 5 urn, and about 3 um, respectively 
Then, after the mask layer 8 was formed, the buffer layer 
24 was formed on the GaAs substrate 2 within the stripe 
windows 1 0 by the HVPE method in the state where the 
temperature of the GaAs substrate 2 was set to about 
500°C. Here, the thickness of the buffer layer 24 was set 
to about 900 angstroms. 

[0211] In the second step shown in Fig. 17B, the 
epitaxial layer 68 was grown on the buffer layer 24 by 
the HVPE method in the state where the temperature of 
the GaAs substrate 2 was set to about 1000°C, whereby 
the ingot 70 of GaN single crystal was formed. The ingot 
70 had a form in which the center part of its upper sur- 
face was slightly depressed, whereas its height from the 
bottom to the center part of the upper surface was about 
1.6 cm. 

[0212] Subsequently, in the third step shown in Fig. 
17C, the ingot 70 was cut with a slicer having inner 
peripheral teeth, whereby 12 sheets of the GaN single 
crystal substrates 72 each having a thickness of about 
300 urn were obtained. No remarkable warpage was 
seen to occur in the GaN single crystal substrates 72. 
After the cutting, the GaN single crystal substrates 72 
were subjected to lapping and finish grinding. 
[021 3] Though only one single crystal substrate can 
be obtained by one manufacturing process in the 
above-mentioned Examples 1 to 5, 12 substrates were 
obtained by one manufacturing process in this example. 
Also, the manufacturing cost was cut down to about 
60% of that in Example 1 . Thus, this example was able 
to cut down the cost greatly and further shorten the 
manufacturing time per sheet. 

[0214] As a result of measurement of electric char- 
acteristics, the GaN single crystal substrate 72 obtained 
from the intermediate portion of the ingot 70 exhibited 
an n-type carrier density of 1 x 10 19 cm" 3 , an electron 
mobility of 100 cm 2 A/s, and a resistivity of 0.005 Clem. 

Example 9 

[0215] Example 9, which is an example of the tenth 
embodiment, will now be explained with reference to 
Figs. 18Aand 18B. 

[0216] Initially, in the first step shown in Fig. 18A, 
the epitaxial layer 74 was grown on the GaN single crys- 
tal substrate made by Example 6, whereby the ingot 76 
of GaN single crystal was formed. Here, the epitaxial 
layer 74 was grown by the HVPE method in the state 
where the temperature of the GaAs substrate 2 was set 
to about 1010°C. The ingot 76 had a form in which the 
center part of its upper surface was slightly depressed, 
whereas its height from the bottom to the center part of 
the upper surface was about 2.5 cm, and its outside 
diameter was about 55 mm. 

[0217] Subsequently, in the second step shown in 
Fig. 18B, the ingot 76 was cut with a slicer having inner 
peripheral teeth, whereby 15 sheets of the GaN single 
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crystal substrates 78 each having an outside diameter 
of about 50 mm and a thickness of about 600 ^m were 
obtained. 

[021 8] Though only one single crystal substrate can 
be obtained by one manufacturing process in the 5 
above-mentioned Examples 1 to 5, 15 substrates were 
obtained by one manufacturing process in this example. 
Also, the manufacturing cost was cut down to about 
55% of that in the case manufactured in a process sim- 
ilar to Example 1 . Thus, this example was able to cut 10 
down the cost greatly and further shorten the manufac- 
turing time per sheet. 

[0219] As a result of measurement of electric char- 
acteristics, the GaN single crystal substrate 78 obtained 
from the intermediate portion of the ingot 76 exhibited 15 
an n-type carrier density of 1 x 10 17 cm" 3 , an electron 
mobility of 650 cm 2 A/s, and a resistivity of 0.08 ftcm. 

Example 10 

20 

[0220] Example 1 0, which is another example of the 
tenth embodiment, will now be explained with reference 
to Figs. 18A and 18B. 

[0221] Initially, in the first step shown in Fig. 18A, 
the epitaxial layer 74 was grown on the GaN single crys- 25 
tal substrate made by Example 7, whereby the ingot 76 
of GaN single crystal was formed. Here, the epitaxial 
layer 74 was grown according to the sublimation method 
by use of the growth apparatus shown in Fig. 22 in the 
state where the temperature of the GaAs substrate 2 30 
was set to about 1200°C. Ammonia was caused to flow 
into the reaction vessel at 20 seem. The ingot 76 was 
flatter than those of Examples 6 to 9, whereas its height 
from the bottom to the upper surface was about 0.9 cm, 
and its outside diameter was about 35 mm. 35 
[0222] Subsequently, in the second step shown in 
Fig. 18B, the ingot 76 was cut with a sheer having inner 
peripheral teeth, whereby five sheets of the GaN single 
crystal substrates 78 each having an outside diameter 
of about 35 mm and a thickness of about 500 urn were 40 
obtained. 

[0223] Though only one single crystal substrate can 
be obtained by one manufacturing process in the 
above-mentioned Examples 1 to 5, five substrates were 
obtained by one manufacturing process in this example. 45 
Aiso, the manufacturing cost was cut down to about 
80% of that in Example 1 . Thus, this example was able 
to cut down the cost greatly and further shorten the 
manufacturing time per sheet. 

[0224] As a result of measurement of electric char- so 
acteristics, the GaN single crystal substrate 78 obtained 
from the intermediate portion of the ingot 76 exhibited 
an n-type carrier density of 1 x 10 18 cm" 3 , an electron 
mobility of 200 cm 2 A/s, and a resistivity of 0.03 ficm. 

55 

Example 1 1 

[0225] Example 11, which is an example of the 



eleventh embodiment, will now be explained with refer- 
ence to Figs. 19A to 19C. 

[0226] Initially, in the first step shown in Fig. 19A, 
the buffer layer 79 made of GaN having a thickness of 
about 90 nm was formed by the HPVE method on the 
GaAs substrate 2 set to about 500°C. Here, a 
GaAs(1 1 1 )B substrate was used as the GaAs substrate. 
[0227] Subsequently, in the second step shown in 
Fig. 19B, the epitaxial layer 81 made of GaN was grown 
on the buffer layer 79 by the HVPE method, whereby the 
ingot 83 of GaN single crystal was formed. Here, the 
epitaxial layer 81 was grown by the HVPE method in the 
state where the temperature of the GaAs substrate 2 
was set to about 1030°C. The ingot 83 had a form in 
which the center part of its upper surface was slightly 
depressed, whereas its height from the bottom to the 
center part of the upper surface was about 1 .2 cm. 
[0228] Finally, in the third step shown in Fig. 19C, 
the ingot 83 was cut with a slicer having inner peripheral 
teeth, whereby 10 sheets of the GaN single crystal sub- 
strates 85 each having a thickness of about 300 jim 
were obtained. 

[0229] Though only one single crystal substrate can 
be obtained by one manufacturing process in the 
above-mentioned Examples 1 to 5, 10 substrates were 
obtained by one manufacturing process in this example. 
Also, the manufacturing cost was cut down to about 
70% of that in Example 1 . Thus, this example was able 
to cut down the cost greatly and further shorten the 
manufacturing time per sheet. 

[0230] As a result of measurement of electric char- 
acteristics, the GaN single crystal substrate 85 obtained 
from the intermediate portion of the ingot 83 exhibited 
an n-type carrier density of 1 x 10 19 cm" 3 , an electron 
mobility of 100 cm 2 /Vs, and a resistivity of 0.005 ficm. 

Industrial Applicability 

[0231] In the method of making a GaN single crys- 
tal substrate in accordance with the present invention, 
as explained in the foregoing, a GaN nucleus is formed 
within each opening window of a mask layer, and this 
GaN nucleus gradually laterally grows sideways above 
the mask layer, i.e., toward the upper side of the mask 
portion not formed with opening windows in the mask 
layer, in a free fashion without any obstacles. Therefore, 
the GaN single crystal substrate in accordance with the 
present invention having greatly reduced crystal defects 
can be obtained efficiently and securely by the method 
of making a GaN single crystal substrate in accordance 
with the present invention. 

Claims 

1. A method of making a GaN single crystal substrate 
comprising: 

a mask layer forming step of forming on a GaAs 
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substrate a mask layer having a plurality of 
opening windows disposed separate from each 
other; and 

an epitaxial layer growing step of growing on 
said mask layer an epitaxial layer made of 
QaN. 

2. A method of making a GaN single crystal substrate 
according to claim 1 , further comprising before said 
mask layer forming step: 

a buffer layer forming step of forming a buffer 
layer on said GaAs substrate; and 
a lower epitaxial layer growing step of growing 
on said buffer layer a lower epitaxial layer made 
of GaN. 

3. A method of making a GaN single crystal substrate 
according to claim 1, further comprising, before 
said epitaxial layer forming step, a buffer layer form- 
ing step of forming a buffer layer on said GaAs sub- 
strate in said opening windows of said mask layer. 

4. A method of making a GaN single crystal substrate 
according to claim 2, wherein said opening win- 
dows of said mask layer are stripe windows shaped 
like stripes. 

5. A method of making a GaN single crystal substrate 
according to claim 4, wherein said stripe windows 
extend in a ( 10-10 ) direction of said lower epitaxial 
layer made of GaN and have a window width within 
a range of 0.3 um to 10 um and a mask width within 
a range of 2 urn to 20 um. 

6. A method of making a GaN single crystal substrate 
according to claim 4, wherein said stripe windows 
extend in a < 1-210 > direction of said lower epitaxial 
layer made of GaN and have a window width within 
a range of 0.3 urn to 1 0 um and a mask width within 
a range of 2 um to 20 um. 

7. A method of making a GaN single crystal substrate 
according to claim 2, further comprising after said 
epitaxial layer growing step: 

a GaAs substrate eliminating step of eliminat- 
ing said GaAs substrate; and 
a grinding step of grinding a lower surface of 
said buffer layer and an upper surface of said 
epitaxial layer. 

8. A method of making a GaN single crystal substrate 
according to claim 3, wherein said opening win- 
dows of said mask layer are stripe windows shaped 
like stripes. 

9. A method of making a GaN single crystal substrate 



according to claim 8, wherein said stripe windows 
extend in a < 1 1-2 > direction of said GaAs substrate 
and have a window width within a range of 0.3 um 
to 10 um and a mask width within a range of 2 um 
5 to 20 um. 

10. A method of making a GaN single crystal substrate 
according to claim 8, wherein said stripe windows 
extend in a < 1-10 > direction of said GaAs substrate 

10 and have a window width within a range of 0.3 um 
to 10 um and a mask width within a range of 2 um 
to 20 um. 

11. A method of making a GaN single crystal substrate 
15 according to claim 3, further comprising after said 

epitaxial layer growing step: 

a GaAs substrate eliminating step of eliminat- 
ing said GaAs substrate; and 
20 a grinding step of grinding lower surfaces of 

said mask layer and buffer layer and an upper 
surface of said epitaxial layer. 

12. A method of making a GaN single crystal substrate 
25 according to one of claims 1 to 3, wherein said 

GaAs substrate is a GaAs(111)A substrate or a 
GaAs(1 1 1 )B substrate. 

13. A method of making a GaN single crystal substrate 
30 according to claim 2 or 3, wherein said buffer layer 

is formed by hydride VPE. 

14. A method of making a GaN single crystal substrate 
according to one of claims 1 to 3, wherein said epi- 

35 taxial layer is formed by hydride VPE. 

15. A method of making a GaN single crystal substrate 
according to claim 1 or 3, wherein said epitaxial 
layer is grown within a thickness range of 5 um to 

40 300 um; 

said method further comprising, after said epi- 
taxial layer growing step: 
a GaAs substrate eliminating step of eliminat- 
45 ing said GaAs substrate; and 

a step of growing on said epitaxial layer a sec- 
ond epitaxial layer made of GaN as a laminate. 

16. A method of making a GaN single crystal substrate 
50 according to claim 2, wherein a plurality of said 

opening windows of said mask layer are arranged 
with a pitch L in a < 10-10) direction of said lower 
epitaxial layer so as to form a (10-10) window 
group, a plurality of < 10-10) window groups being 
55 arranged in parallel with a pitch d (0.75L sdsl ,3L) 
in a < 1-210) direction of said lower epitaxial layer. 

17. A method of making a GaN single crystal substrate 
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according to claim 16, wherein said (10-10) win- 
dow groups are arranged in parallel such that the 
center position of each opening window in each 
< 10-10) window group shifts by about 1/2L in said 
(10-10) direction from the center position of each 
opening window in said (10-10) window group 
adjacent thereto. 

18. A method of making a GaN single crystal substrate 
according to claim 3, wherein a plurality of said 
opening windows of said mask layer are arranged 
with a pitch L in a (11-2) direction on a (1 1 1 ) plane 
of said GaAs substrate so as to form a (11-2) win- 
dow group, a plurality of (11-2) window groups 
being arranged in parallel with a pitch d (0.75L s d 
si.3L)ina (-110) direction of the (111) plane of 
said GaAs substrate. 

19. A method of making a GaN single crystal substrate 
according to claim 18, wherein said (11-2) window 
groups are arranged in parallel such that the center 
position of each opening window in each (11-2) 
window group shifts by about 1/2L in the (11-2) 
direction from the center position of each opening 
window in said (11-2) window group adjacent 
thereto. 

20. A method of making a GaN single crystal substrate 
according to one of claims 16 to 19, wherein said 
pitch L of opening windows is within a range of 3 um 
to 10 um. 

21. A method of making a GaN single crystal substrate 
according to one of claims 1 to 20, wherein said 
opening windows of said mask layer have any form 
of circle, ellipse, and polygon. 

22. A method of making a GaN single crystal substrate 
according to one of claims 1 to 21 , wherein each of 
said opening windows of said mask layer has an 
area of 0.7 um 2 to 50 um 2 . 

23. A method of making a GaN single crystal substrate 
according to one of claims 1 to 20, wherein each of 
said opening windows of said mask layer has a 
square form with a side of 1 um to 5 um or a circular 
form with a diameter of 1 um to 5 um. 

24. A method of making a GaN single crystal substrate 
according to one of claims 1 to 23, wherein said 
opening windows have a total area which is 10% to 
50% of the whole area consisting of all said opening 
windows and a mask portion not formed with said 
opening windows. 

25. A method of making a GaN single crystal substrate 
according to claim 2, wherein said opening win- 
dows of said mask layer are rectangular windows in 



an oblong form having a longitudinal direction align- 
ing with a (10-10) direction of said lower epitaxial 
layer, a plurality of said rectangular windows being 
arranged with a pitch L in said (10-10) direction so 
5 as to form a (10-10) rectangular window group, a 

plurality of (10-10) rectangular window groups 
being arranged in parallel with a pitch d in a (1- 
210) direction of said lower epitaxial layer. 

10 26. A method of making a GaN single crystal substrate 
according to claim 25, wherein said (10-10) rec- 
tangular window groups are arranged in parallel 
such that the center position of each opening rec- 
tangular window in each (10-10) rectangular win- 

15 dow group shifts by about 1/2L in said (10-10) 
direction from the center position of each rectangu- 
lar window in said (10-10) rectangular window 
group adjacent thereto. 

20 27. A method of making a GaN single crystal substrate 
according to claim 3, wherein said opening win- 
dows of said mask layer are rectangular windows in 
an oblong form having a longitudinal direction align- 
ing with a (11-2) direction of said GaAs substrate, 

25 a plurality of said rectangular windows being 
arranged with a pitch L in said (11-2) direction on 
a (1 1 1 ) plane of said GaAs substrate so as to form 
a (11-2) rectangular window group, a plurality of 
(11-2) rectangular window groups being arranged 

30 in parallel with a pitch d in a (-110) direction. 

28. A method of making a GaN single crystal substrate 
according to claim 27, wherein said (11-2) rectan- 
gular window groups are arranged in parallel such 

35 that the center position of each opening rectangular 
window in each (11-2) rectangular window group 
shifts by about 1/2L in said (11-2) direction from 
the center position of each rectangular window in 
said (11-2) rectangular window group adjacent 

40 thereto. 

29. A method of making a GaN single crystal substrate 
according to one of claims 25 to 28, wherein said 
rectangular windows have a pitch L of 4 um to 20 

45 urn, said rectangular windows adjacent to each 
other in the longitudinal direction of said rectangular 
windows have a mask length of 1 um to 4 um ther- 
ebetween, each of said rectangular windows has a 
width w of 1 jim to 5 um, and said rectangular win- 
so dows adjacent to each other in the transverse direc- 
tion of said rectangular windows have a mask width 
(d-w) of 2 jim to 10 um therebetween. 

30. A method of making a GaN single crystal substrate 
55 according to claim 2, wherein each of said opening 

windows of said mask layer is a hexagonal window 
formed like a hexagonal ring, each of the six sides 
of said hexagonal window aligning with a (10-10) 
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direction of said lower epitaxial layer. 

31. A method of making a GaN single crystal substrate 
according to claim 3, wherein each of said opening 
windows of said mask layer is a hexagonal window 
formed like a hexagonal ring, each of the six sides 
of said hexagonal window aligning with a < 1 1 -2 > 
direction of said GaAs substrate. 

32. A method of making a GaN single crystal substrate 
according to one of claims 1 to 31, wherein said 
mask layer is formed from Si0 2 or SiN. 

33. A method of making a GaN single crystal substrate 
according to one of claims 1 to 6, claims 8 to 10, 
claims 12 to 14, and claims 16 to 32, further com- 
prising a step of eliminating said GaAs substrate. 

34. A method of making a GaN single crystal substrate 
according to one of claims 1 to 33, wherein said epi- 
taxial layer is grown in said epitaxial layer growing 
step so as to form an ingot of GaN single crystal, 



an ingot forming step of forming an ingot of 
GaN single crystal by growing an epitaxial layer 
made of GaN on a GaN single crystal 
employed as a seed crystal; and 
5 a cutting step of cutting said ingot into a plural- 

ity of sheets. 

39. A method of making a GaN single crystal substrate 
comprising: 

10 

an ingot forming step of forming an ingot of 
GaN single crystal by growing an epitaxial layer 
made of GaN on a GaN single crystal 
employed as a seed crystal; and 
15 a cleaving step of cleaving said ingot into a plu- 

rality of sheets. 

40. A GaN single crystal substrate including, at least, a 
mask layer having a plurality of opening windows 

20 disposed separate from each other; and an epitax- 
ial layer made of GaN and laminated on said mask 
layer. 



said method further comprising a cutting step 
of cutting said ingot into a plurality of sheets. 

35. A method of making a GaN single crystal substrate 
according to one of claims 1 to 33, wherein said epi- 
taxial layer is grown in said epitaxial layer growing 
step so as to form an ingot of GaN single crystal, 

said method further comprising a cleaving step 
of cleaving said ingot into a plurality of sheets. 

36. A method of making a GaN single crystal substrate 
comprising: 

an ingot forming step of growing on the GaN 
single crystal substrate obtained by the method 
according to one of claims 1 to 35 an epitaxial 
layer made of GaN so as to form an ingot of 
GaN single crystal; and 

a cutting step of cutting said ingot into a plural- 
ity of sheets. 

37. A method of making a GaN single crystal substrate 
comprising: 

an ingot toning step of growing on the GaN sin- 
gle crystal substrate obtained by the method 
according to one of claims 1 to 35 an epitaxial 
layer made of GaN so as to form an ingot of 
GaN single crystal; and 

a cleaving step of cleaving said ingot into a plu- 
rality of sheets. 

38. A method of making a GaN single crystal substrate 
comprising: 



41. A GaN single crystal substrate according to claim 
25 40, further comprising, on a side of said mask layer 
not formed with said epitaxial layer, a buffer layer 
and a lower epitaxial layer formed between said 
buffer layer and said mask layer. 

30 42. A GaN single crystal substrate according to claim 
40, wherein a buffer layer is formed within each of 
said opening windows of said mask layer. 

43. A GaN single crystal substrate according to claim 
35 41, wherein said opening windows of said mask 

layer are arranged with a pitch L in a < 10-10) direc- 
tion of said lower epitaxial layer so as to form a ( 1 0- 
10) window group, a plurality of (10-10) window 
groups being arranged in parallel with a pitch d 
40 (0.75L s d s 1.3L) in a (1-210) direction of said 
lower epitaxial layer. 

44. A GaN single crystal substrate according to claim 
43, wherein said (10-10) window groups are 

45 arranged in parallel such that the center position of 
each opening window in each (10-10) window 
group shifts by about 1/2L in said (10-10) direction 
from the center position of each opening window in 
said (10-10) window group adjacent thereto. 

so 

45. A GaN single crystal substrate according to one of 
claims 40 to 44, wherein a low dislocation density 
region having a dislocation density lower than that 
in an area above said opening windows is formed 

55 above a mask portion not formed with said opening 
windows in said mask layer within a range of 10 um 
or less from a contact surface of said epitaxial layer 
with said mask layer. 



40 



45 



50 



23 



45 



EP 1 041 610 A1 



46. A GaN single crystal substrate according to claim 
45, wherein the dislocation density in said low dislo- 
cation density region of said epitaxial layer is 1 x 
1 0 8 cm" 2 or less. 

5 

47. A GaN single crystal substrate according to one of 
claims 40 to 46, further comprising a GaAs sub- 
strate on a side of said mask layer opposite from 
the side formed with said epitaxial layer. 

10 

48. A GaN single crystal substrate according to claim 
40 or 42, wherein said epitaxial layer has a thick- 
ness within a range of 5 jxm to 300 a second 
epitaxial layer made of GaN being further formed 

on said epitaxial layer. is 

49. A GaN single crystal substrate according to claim 
40, made by the method of making a GaN single 
crystal substrate according to one of claims 1 to 33. 

20 

50. A GaN single crystal substrate according to claim 
40, made by the method of making a GaN single 
crystal substrate according to one of claims 34 to 
39. 

25 

51. A GaN single crystal substrate according to claim 
50, wherein said GaN single crystal substrate has 
an n-type carrier concentration within a range of 1 x 
10 16 cm" 3 to 1 x 10 20 cm- 3 . 

30 

52. A GaN single crystal substrate according to claim 
50 or 51 , wherein said GaN single crystal substrate 
has an electron mobility within a range of 60 cm 2 to 
800 cm 2 . 

35 

53. A GaN single crystal substrate according to one of 
claims 50 to 52, wherein said GaN single crystal 
substrate has a resistivity within a range of 1 x 10" 4 
Qcm to 1 x 10 Clem. 

40 

54. A light-emitting device comprising: 

the GaN single crystal substrate according to 
one of claims 40 to 53; and 

a semiconductor layer formed on said GaN sin- 45 
gle crystal substrate, 

said semiconductor layer constituting a light- 
emitting element. 

55. An electronic device comprising: so 

the GaN single crystal substrate according to 
one of claims 40 to 53; and 
a semiconductor layer formed on said GaN sin- 
gle crystal substrate, 55 
said semiconductor layer constituting at least a 
pn junction. 
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